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  V 
SUMMARY 
Exploiting new technologies that power the world efficiently and cleanly in the 
future is critically important due to the depleted petroleum resources and public 
environmental concerns. Dye sensitized solar cells (DSSCs) represent a cheap and 
clean technology that harnesses solar energy efficiently and have been intensively 
studied. How to further decrease the production cost meanwhile enhance device 
performance becomes the bottleneck for large scale application and commercialization 
of DSSCs. The thesis focuses on the development of new materials (photoelectrode 
material, dye sensitizer and hole transporting material) with the motivation to further 
enhance energy conversion efficiency of DSSCs. 
The thesis is divided into eight chapters. Chapter 1 outlines motivation and scope 
of the work. Chapter 2 surveys the current literature. Major findings of the study are 
discussed in Chapters 3 through 7, with conclusions and outlooks summarized in 
Chapter 8. The appendix contains a publication list. 
In chapter 3, a cost-effective and scalable method to prepare high-quality TiO2 
nanofibers is developed based on electrospinning technique using environmentally 
friendly poly(ethylene oxide) (PEO) as the matrix polymer. Compared to conventional 
matrix polymers, PEO can be easily removed at a low calcination temperature (400 °C), 
which allows the TiO2 nanofibers to be maintained in pure anatase phase with high 
crystallinity during calcination. This is of high importance for the application of TiO2 
nanofibers in DSSCs as only the anatase phase crystals were reported to show good 
photovoltaic performance. Various characterization results reveal that the synthesized 
  VI 
TiO2 nanofibers have well-controlled diameters, uniform morphology, pure anatase 
phase and high crystallinity. In addition, the TiO2 grain size in the synthesized 
nanofibers could be easily tuned by changing the preparation conditions. To 
demonstrate the application of these TiO2 nanofibers, DSSCs were fabricated and the 
best devices have shown an energy conversion efficiency (η) of 6.44% under 100 mW 
cm−2 AM 1.5G illumination, which represents one of the most efficient DSSCs using 
TiO2
Based on the electrospinning technique developed in chapter 3, chapter 4 
describes a facile method to prepare nanofibrous ZnO photoelectrodes with tunable 
thicknesses and good adhesion to fluorine-doped tin dioxide (FTO) substrate.
 nanofibers or nanorods as the photoelectrode.  
 As 
compared to the method describe in chapter 3, the method in chapter 4 avoids the paste 
and film making procedures, which further reduces the fabrication cost of DSSCs. The 
best device has an η of 3.02% under 100 mW cm−2 AM1.5G illumination, which is 
greatly improved as compared to previous reports adopting ZnO photoelectrodes with 
a similar structure. 
Chapter 5 reports the design and synthesis of a new orgainc sensitizer based on 
conjugated polymer with a unique donor (D)-π bridge-acceptor (A) structure 
(triphenylamine based electron donating backbone as donor, cyanoacetic acid based 
electron accepting side chain as acceptor and conjugated thiophene units as π bridge). As 
compared to conventional ruthinium dye sensitizers, polymer dye sensitizer has the 
advantages of low cost (independence of rare matal), easy design and synthesis, high 
These two chapters together demonstrate electrospinning technique 
as a powerful tool for the fabrication of photoelectrodes in DSSCs.  
  VII 
molar absorptivity, and tunable optoelectronic properties. An η of 3.39% is obtained 
under 100 mW cm−2 
Chapter 6 describes the fabrication of solid-state dye-sensitized solar cells (SDSCs) 
using poly(3-hexylthiophene) (P3HT) as hole transporting material. Through 
optimization of device fabrication, an η up to 3.85% is achieved under 100 mW cm
AM 1.5G illumination, which represents the highest efficiency for 
polymer dye sensitized DSSCs reported so far. These features show good promise of 
conjugated polymers as sensitizers for DSSC application. 
−2
Combining the photoelectrode preparation technique (chapter 3 and chapter 4) 
with advantages of organic dye as sensitizer (chapter 5) and P3HT as hole transporting 
material (chapter 6), Chapter 7 describe the development of a new type of SDSCs 
employing electrospun mesoporous TiO
 
AM1.5G illumination, which is one of the most efficient SDSCs using polymeric hole 
transporting material. More importantly, this work represents the first systematic study 
of charge transport and recombination in SDSCs using conjugated polymer as the hole 
transporting material, which sheds light on understanding the operation of highly 
efficient solid-state devices. 
2 nanofibers (NFs) as photoelectrode, organic 
dye D131 as the sensitizer and P3HT as the hole transporting material. As compared to 
the regular electrospun TiO2 NFs, mesoporous TiO2 NFs have high surface area, 
resulting in greatly improved dye loading amount and light harvesting ability. 
Accordingly, an η of 1.82% is obtained under 100 mW cm−2 AM1.5G illumination for 
mesoporous TiO2 NF-based devices, which is 3-fold higher than that for regular TiO2 
NF-based devices fabricated under the same conditions (η = 0.42%). In addition, 
  VIII 
mesopores on TiO2 NF surfaces have negligible effect on charge transport and 
collection. Initial aging test proves good stability of the fabricated devices, which 
indicates the prospect of mesoporous TiO2 
 
NFs as photoelectrode material for SDSC 
application. 
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The depletion of petroleum resources in this century and raising awareness of 
environmental change caused by the combustion of fossil fuels make nations and 
public reconsider the importance of exploring renewable energy sources, such as solar 
energy. While silicon-based technologies have been developed to harness solar energy 
efficiently, they are not yet competitive with fossil fuels mainly due to the high 
production costs. It is an urgent task to develop much cheaper photovoltaic devices 
with reasonable efficiency for widespread application of photovoltaic technology. In 
this context, dye sensitized solar cells (DSSCs) have emerged as an important 
alternative to conventional silicon solar cells owing to their fascinating features such as 
low fabrication cost and relatively high efficiency.[1] Since the invention by O’Regan 
and Grätzel in 1991, DSSCs have been intensively studied and are currently 
undergoing rapid development for practical use.[2,3]
A typical DSSC consists of four elements: a photoelectrode made of mesoporous 
TiO
  
2 film which is deposited on a conducting substrate (fluorine-doped tin dioxide, 
FTO), a monolayer of dye molecules anchored on the surface of TiO2 film, a volatile 
liquid electrolyte containing I-/I3- redox couple and a platinized FTO glass as counter 
electrode. Although such a prototype has achieved excellent device performance, 
several limitations hinder the large scale applications and commercialization of DSSCs 
in the future.  
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Generally, the photoelectrode of a DSSC is prepared by doctor-blading or 
screen-printing a TiO2 paste containing sol-gel processed TiO2 nanoparticles (10–30 
nm in diameter), polymer binder and other additives, followed by a high temperature 
sintering step to remove organic components and form electronic conduction 
network.[1] Electron transport in semiconductor film is often modeled as the trapping 
and thermal release of electrons from a distribution of sub-bandedge states, which is 
highly dependent on the Fermi level of the semiconductor.[4] One major limitation for 
conventional photoelectrode is the extraordinary small electron diffusion coefficient 
(Dn) in nanoparticle film, which is in the order of 10-4 cm2 s-1.[5,6] However, this value 
is estimated to be in the order of 10-1 cm2 s-1 in the TiO2 single crystal,[7] a thousand 
times larger than that in the TiO2 nanoparticle film. Slow electron transport greatly 
limits the choice of redox couple in the electrolyte which in turn limits the 
photovoltage and constrains the choice of dye sensitizer. In this regard, photoelectrode 
with new architectures especially one-dimensional (1-D) nanostructures which can 
effectively facilitate electron collection draw widely interest and have been intensively 
studied.[8-11]
Another obvious limitation for conventional DSSCs is the usage of volatile liquid 
electrolyte containing I
  
-/I3- redox couple. Problems such as evaporation and leakage of 
liquid electrolyte, corrosion of Pt counter electrode by I-/I3-, and degradation of dye 
molecules in electrolyte largely compromise device stability.[12] These disadvantages 
have led to the rapid development of solid-state dye-sensitized solar cells (SDSCs) by 
replacing liquid electrolyte with inorganic p-type semiconductor[13] or organic hole 
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transporting materials (HTMs).[14] So far, the most successful organic HTM is 
2,2’,7,7’-tetrakis-(N,N-di-4-methoxyphenylamino)-9,9’-spiro-bifluorene 
(spiro-OMeTAD), which leads to ~ 6% energy conversion efficiency for SDSCs with 
organic dye sensitized TiO2 as photoelectrode.[15] Although spiro-OMeTAD is the most 
favorable organic HTM for fabricating SDSCs, it has some drawbacks such as low 
hole mobility[16] and high fabrication cost.[17] Consequently, conjugated polymers (CPs) 
have been intensively investigated as the alternative HTM due to their low cost, high 
hole mobility, good solubility and tunable optoelectronic properties.[18]
In addition, the most widely used sensitizers in conventional DSSCs are ruthenium 
dyes, which involve a noble metal with a low annual yield and thus limit large scale 
application of DSSCs. In this context, great efforts have been devoted to replacing 
ruthenium dyes with organic dye molecules owing to their many advantages.
 However, the 
energy conversion efficiency of SDSCs using polymer HTM is relatively low 
(typically < 1%). How to improve the device performance becomes the major 
challenge for the application of polymer HTM based SDSCs.  
[19,20] 
Firstly and most importantly, organic dyes are relatively cheaper as compared to 
ruthenium dyes because there is no limitation of resources such as precious noble 
metals. Secondly, organic dyes generally have much higher absorption coefficients 
than that of ruthenium dyes and the light absorption band of organic dyes can be easily 
tuned by molecular design. In addition, organic dyes are environmentally friendly as 
they could be easily removed by calcining in air. Accordingly, the photoelectrode could 
be recycled, which further reduces the cost of DSSCs. Up to date, hundreds of organic 
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dyes have been developed as sensitizers for DSSCs with good efficiencies.  
1.2 Objectives and Scopes 
The thesis is aimed at developing new materials with the motivation to further 
enhance the energy conversion efficiency of DSSCs.  
Major efforts have been placed on the development of new photoelectrode 
material, new sensitizer and new hole transporting materials through cost-effective 
methodologies. As energy conversion efficiency of devices is the key parameter to 
evaluate the performance of these new materials, efforts have also been devoted to the 
optimization of device fabrication procedures to enhance the device performance. 
There is also an effort to understand the relationship between new materials and the 
corresponding device performance, which could provide guidelines for future DSSC 
design. 
The specific activities in this thesis include the follows: 
(1) Development of facile and cost-effective methods to prepare ZnO and TiO2 
nanofibers as photoelectrodes for both liquid electrolyte and solid-state DSSC 
applications. The structure and basic properties of the synthesized nanofibers are fully 
characterized by scanning electron microscope (SEM), transmission electron 
microscopy (TEM), X-ray diffraction (XRD), selected area electron diffraction (SAED) 
and Brunauer–Emmett–Teller (BET) analysis. In order to achieve best energy 
conversion efficiency, parameters that affect the device performance, such as film 
thickness of photoelectrode, the soaking time for dye loading and post-treatment are 
carefully controlled and optimized. 
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(2) Design and synthesis of a new conjugated polymer sensitizer with high molar 
extinction coefficients and evaluation of its performance in DSSCs. The structure of the 
polymer sensitizer is confirmed by NMR spectra and elemental analysis. The basic 
properties are thoroughly studied by UV-vis absorption spectra and cyclic voltammetry. 
In addition, the composition of electrolyte solution is tuned to optimize the device 
performance. 
(3) Exploration of low cost hole transporting material (HTM) for solid-state 
dye-sensitized solar cells (SDSCs). To demonstrate the feasibility of using P3HT as an 
alternative HTM, sensitizer is carefully screened and energy band diagram for each 
component in the device is determined by UV-vis absorption spectra and cyclic 
voltammetry. The device performance is greatly enhanced through optimization of 
device fabrication such as the quality control of compact TiO2 blocking layer and the 
film thickness of mesoporous TiO2
(4) Understanding of the relationship between new materials and the device 
performance. This is achieved by correlation of the device performance with the 
charge transport and recombination mechanism study through electrical impedance 
spectroscopy (EIS), intensity modulated photocurrent spectroscopy (IMPS) and 
intensity modulated photovoltage spectroscopy (IMVS). The limiting factors for 
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2.1 Photovoltaics – A brief history 
The history of photovoltaics dates back to the discovery of so-called “photovoltaic 
effect” by the French physicist Becquerel in 1839,[1]
The first large area (30 cm
 which is defined as the production 
or change of electrical potential between two electrodes separated by a suitable 
electrolyte or other substance upon light irradiation. Since then, a variety of concepts 
and devices have been developed to convert sunlight into electricity for the sake of 
exploring clean and renewable energy.  
2) photovoltaic device using Se film was set up by Fritts 
in 1883, more than one hundred years ago.[2] Modern application of photovoltaic 
device initiated in 1954. The researchers at Bell Labs in the USA discovered that a 
voltage was produced by the pn junction diodes under room light. In the same year, 
they produced a Si pn junction solar cell with 6% efficiency, which is a milestone of 
photovoltaic technology.[3] Within a year, a thin-film heterojunction solar cell based on 
Cu2S/CdS also achieved 6% efficiency.[4] A year later, a 6% GaAs pn junction solar 
cell was reported by RCA Lab in the US.[5] With in a year, Hoffman Electronics (USA) 
offered commercial Si photovoltaic cells with 2% efficient at $1500/W. The efficiency 
record was refreshed quickly by this company – 8% in 1957, 9% in 1958 and 10% in 
1959. By 1960, fundamental theories of pn junction solar cell were developed to 
explain the relation between band gap, incident spectrum, temperature, 
thermodynamics, and efficiency.[6-9] 
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In 1962, the first commercial telecommunication satellite Telstar powered by a 
photovoltaic system was launched. In 1963, Sharp Corporation (Japan) produces the 
first commercial Si modules. 1973 was an important year for photovoltaics: worldwide 
oil crisis spurred many countries to seek for renewable energy including photovoltaics. 
Moreover, a great improvement was made in GaAs photovoltaic device, which attained 
an efficiency of 13.7%.[10] During 1970–1979, many big photovoltaic companies were 
established, such as Solar Power Corporation (1970), Solarex Corporation (1973), 
Solec International (1975) and Solar Technology International (1975). The first book 
dedicated to PV science and technology by Hovel (USA) was also published in 1975. 
The photovoltaic technology developed very fast in the 1980s. The first thin-film solar 
cell with over 10% efficiency was produced in 1980 based on Cu2S/CdS. ARCO Solar 
was the first company to provide photovoltaic modules with over 1 MW per year 
(1982). In 1985, researchers of the University of New South Wales (Australia) 
fabricated a Si solar cell with more than 20% efficiency under standard sunlight.[11] In 
1986, ARCO Solar produced the first commercial thin film photovoltaic module. 
British Petroleum (UK) got a patent for the production of thin-film solar cell in 1989. 
In 1990s, the market of photovoltaic kept growing steadily. Worldwide photovoltaic 
production reached 100 MW per year in 1997 and this value increased to 1000 MW 
per year in 1999. Several important event during this decade included the emergence 
of GaInP/GaAs multijunction solar cell with efficiency over 30% (NREL, USA, 
1994),[12] photoelectrochemical dye sensitized solar cell with 11% efficiency (EPFL, 
Switzerland, 1996) [13] and Cu(InGa)Se2 thin-film solar cell with 19% efficiency 
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(NREL, US, 1998).[14]
Although photovoltaics can provide clean and renewable energy, the high cost of 
production and installation excludes their widespread application. Hence, the usage of 
solar energy is still considered as an alternative to traditional energy resources 
(petroleum, coal and natural gas). However, as the volume production increases, the 
cost drops remarkably (shown in Figure 2.1), which makes it in the economic reach of 
wider markets.  
 In 2000, the first Bachelor of Engineering degrees in 
Photovoltaic and Solar Engineering was awarded by the University of New South 
Wales (Australia). The Olympics held in Sydney of Australia in the same year also 
highlighted the wide range application of photovoltaics. Cumulative worldwide 
installed photovoltaics broke through 2000 MW in 2002 – just three years to double it!  
 
Figure 2.1 Historical trends of cost per watt for solar cells and volume of 
production.[15] 
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It is estimated that covering 0.1% of the Earth’s surface with photovoltaic devices 
with an efficiency of 10% would satisfy the global energy consumption per year![16] 
Commercial photovoltaic devices with 10% efficiency have been widely available. 
Great efforts are directed toward reducing the cost further and make the price 
comparable to traditional energy resources. The long-term goal is to produce the 34% 
of the total world electricity production by 2050.[17]
2.2 Dye sensitized solar cells (DSSCs) 
 It is reasonable to believe that the 
photovoltaic industry has the potential to become one of the major electricity suppliers 
in this century and to improve people’s life quality in terms of alleviating 
environmental damage. 
Up to date, the photovoltaic market is still dominated by traditional solid-state pn 
junction devices, usually made from crystalline or amorphous silicon. Although the 
cost per watt of silicon solar cells has dropped significantly over the past decade, these 
devices are still expensive to compete with conventional grid electricity. It is an urgent 
task to develop much cheaper photovoltaic devices with reasonable efficiency for 
widespread application of photovoltaic technology. In this context, a new type of 
photovoltaic devices called “dye sensitized solar cells” (DSSCs) based on 
nanocrystalline TiO2 was developed by O’Regan and Grätzel in 1991.[18] This type of 
solar cells is featured by their relatively high efficiency (exceeding 11% at full sunlight) 
and low fabrication cost (1/10–1/5 of silicon solar cells).[19] Since the birth of DSSCs, 
great efforts have been devoted to making these devices more efficient and stable. 
Long-term stability tests show good prospect of DSSCs for domestic devices and 
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decorative applications in this century.
2.2.1 Basic principles of DSSCs 
[20,21] 
 
Figure 2.2 Typical structure and operation principle of a DSSC.
Figure 2.2 dipicts typical structure and operation principle of a DSSC. Generally, a 
DSSC consists of four elements: a photoelectrode with a thin layer of nanostructured 
wide band-gap semiconductor (usually TiO
[22] 
2, ZnO, SnO2 or Nb2O5) attached to the 
conducting substrate (fluorine-doped tin dioxide, FTO), a monolayer of dye adsorbed 
on the surface of semiconductor, electrolyte containing a redox couple (typically I-/I3-) 
and a counter electrode (platinized FTO). Photo-excitation of the dye results in the 
injection of electrons into the conduction band of the semiconductor. The dye is 
regenerated by I- in electrolyte. The I- is regenerated in turn at the counter electrode by 
the reduction of I3- with electrons which have passed through the external circuit. The 
voltage generated under illumination corresponds to the difference between the 
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quasi-Fermi level of the electron in the semiconductor and the redox potential of the 
electrolyte. The net outcome is the conversion from light to electricity without any 
permanent chemical transformation. DSSC is thus a regenerative-type photoelectroch- 
emical cell.[16]
2.2.2 Charge transfer and transport dynamics 
      
 
Figure 2.3 Major charge transfer and transport processes of a DSSC. 
Figure 2.3 shows the major charge transfer and transport processes in a DSSC.[23] 
Upon light absorption by the adsorped dye molecules (route 1), the ultrafast electron 
injection into the conduction band of semiconductor photoelectrode (route 2) takes 
place on a picosecond timescale. There are two important back-reactions in a DSSC. 
One is the recombination of conduction band electrons with the oxidized dye 
molecules (route 3), which occurs on a microsecond timescale. It is noted that the 
reduction rate of the oxidized dye (S+) by I- (route 7) is also very fast, occurring on a 
nanosecond timescale, which can compete efficiently with the back-reaction (route 3) 
to ensure the collection of photoelectrons by back-contact. The other is the 
recombination of conduction band electrons with I3- in the electrolyte (route 4). The 
                                                               
Chapter 2  
 14 
electron transport in the semiconductor to the back-contact (route 5) occurs on a 
millisecond to second timescale. The I- is regenerated in turn at the counter electrode 
(route 6) by the reduction of I3- 
2.2.3 Basic parameters to evaluate the performance of DSSCs  
with electrons which have passed through the external 
circuit.  
The performance of DSSCs is usually evaluated by the following four parameters: 
(1) Open circuit photovoltage (Voc
The open circuit photovoltage (V
) 
oc
within the cell is equal to zero.  
) is the cell voltage measured when current 
(2) Short circuit photocurrent (Isc
The short circuit photocurrent (I
) 
sc) is the cell photocurrent measured at zero 
voltage. In general, it is presented in the form of the short circuit current density (Jsc
(3) Fill factor (FF) 
) 
defined as the ratio of the short circuit photocurrent to the active cell area.   














) to the 
product of short circuit photocurrent and open circuit photovoltage: 
                                           (2.1)                                     
where Im and Vm
(4) Energy conversion efficiency (η) 
 represent the photocurrent and photovoltage corresponding to the 
maximal power point, respectively.  
The energy conversion efficiency is defined as the ratio of Pm to the incident 
radiation power (Pin) on the solar cell surface: 
                                                               










==η                                             (2.2) 
As η is a function of Isc, Voc
2.2.4 Characterization techniques of DSSCs 
 and FF, improvement of the DSSC performance is 
achieved by optimization of three parameters. η is also dependent on the incident 
irradiation power and its spectral distribution, both of which should be specified 
whenever η is mentioned. 
The basic characterization techniques of DSSCs are described as follows. 
(1) Photocurrent-photovoltage (I-V) measurement 
The photocurrent-photovoltage measurement of a DSSC is performed on a 
Keithley 2400 source meter under simulated sunlight. A typical I-V curve is shown in 
Figure 2.4.  
 
Figure 2.4 Characteristic I-V curve of a DSSC 
During the I-V measurement, four parameters mentioned above (Voc, Jsc
(2) Incident photon-to-electron conversion efficiency (IPCE) measurement 
, FF and η) 
will be determined.  
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The sensitivity of a DSSC varies with the wavelength of the incident light. IPCE 
measures the ratio of the number of electrons generated by the solar cell to the number 






































nIPCE        (2.3) 
Where I (λ) is the photocurrent (μA cm-2) given by the cell under monochromatic 
illumination at wavelength λ (nm), Pin (λ) is the input optical power (W m-2) at 
wavelength λ, e is the elementary charge, h is the plank instant, ν is frequency of light, 
c is the speed of light in vacuum
(3) Other characterization techniques 
. If not specified differently, the IPCE is measured 
under short circuit conditions and displayed graphically versus the corresponding 
wavelength in a photovoltaic action spectrum. IPCE measurement is also useful for 
indirect determination of the short circuit photocurrent of a DSSC. 
The intensity modulated photocurrent spectroscopy (IMPS) measures the AC 
photocurrent resulting from the incident light modulation, whereas the intensity 
modulated photovoltage spectroscopy (IMVS) measures the AC photovoltage. The 
experimental outputs are given as optical admittance AIMPS and AIMVS, respectively. In 
contrast, electrical impedance spectroscopy (EIS) is measured in every working state 
of the solar cell and measures the AC current resulting from potential modulation. The 








                                       (2.4) 
                                                               













UZEIS                                           (2.6) 
where ΔU = amplitude of AC potential, ΔI = amplitude of AC current, ΔΦ = 
amplitude of incident modulated photonflux and ϕ = phase shift, ω  is the angular 
frequency, q = e ∙A, e is elementary charge and A is the active area of the cell. EIS and 
IMVS are equivalent techniques, differing in the location of the current source. In EIS, 
the current is a response to an external voltage source, whereas in IMVS, the current is 
generated in situ by the adsorbed dye on TiO2
IMPS/IMVS technique can be used to investigate the transport properties of the 
injected electrons (electron transport rate) in semiconductor film and the back reaction 
with the redox species in electrolyte (electron lifetime). EIS is useful to scrutinize the 
processes of electron transport and ion diffusion at different interfaces in a DSSC.   
 surface.  
2.2.5 Comparison of DSSCs with other photovoltaic devices 
A comparison of various types of photovoltaic devices is given in Table 2.1. 
Although DSSCs still have relatively lower module efficiency than traditional 
silicon-based solar cells and CuInSe2 solar cells, several advantages of DSSCs make 
them competitive for conventional solar cells. Firstly, the fabrication cost is quite low 
compared to silicon-based solar cells. Secondly, the materials used to make DSSCs 
such as TiO2, dye, and iodine are widely available. The potentially harmful organic 
solvents have been replaced by the non-volatile ionic liquid and solid-state electrolyte. 
In addition, colorful and transparent solar cells are easily fabricated, which can serve 
as power-producing windows in architectures or as decoration materials for both 
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indoor and outdoor applications. 
Table 2.1 Performance of photovoltaic and photoelectrochemical solar cells 
Type of cell 
[16] 
Efficiency (%) 
Cell*   Module 
Research and technology needs 
Crystalline silicon 25.0       22.9 Increase production yields, reduce 
cost and energy content 
Multicrystalline silicon 20.4       17.6 Reduce manufacturing cost and 
complexity 
Amorphous silicon  13         7 Reduce production costs, increase 
production volume and stability 
CuInSe 19.6       15.7 2 Replace indium (too expensive and 
limited supply), replace CdS 
window layer, scale up production 
Dye sensitized solar 
cells 
10.4       9.9 Improve efficiency and high tempe- 
ature stability, scale up production 
Bipolar AlGaAs/Si  
Photoelectrochemical 
cells 
19-20      – Reduce materials cost, scale up 
Organic polymer solar 
cells 
8.3%       –  Improve stability and efficiency 
cell area is larger than 1 cm2
2.3 Recent Progress in DSSCs  
. 
2.3.1 Development of new photoelectrodes 
There are several requirements for photoelectrode material. (1) To maximize light 
harvesting, the photoelectrode material should be transparent to avoid absorbing 
visible light and with sufficiently high surface area for dye adsorption. (2) To facilitate 
electron injection, the energy level of the photoelectrode material should match with 
that of the excited dye molecules. (3) To collect the photoelectrons efficiently, the 
photoelectrode material should have high charge carrier mobility. (4) The 
photoelectrode material should be easy to synthesize, stable, cheap and 
environmentally friendly.  
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The mesoporous TiO2 film consisted of sol-gel processed, sintered nanoparticles 
has proven to be quite successful as the photoelectrode material for DSSC application. 
Up to date, the most efficient DSSCs are exclusively made of TiO2 nanoparticle films. 
Optimized photoelectrode films usually contain two layers: the bottom layer is a 12 μm 
thick transparent layer made of 10–20 nm TiO2 nanoparticles which has efficiently 
high surface area for dye adsorption; the top layer is a 4 μm thick film made of much 
larger TiO2 particles (~ 400 nm in diameter) to scatter light back into the bottom layer 
and enhance near-IR light harvesting.[24]
Despite the excellent performance of TiO
 Based on this architecture, an energy 
conversion efficiency of 11.2% has been achieved.  
2 nanoparticle films in conventional 
DSSCs, this photoelectrode prototype has several disadvantages which hinder further 
improvement of device performance and their large scale applications. The primary 
weakness of the nanoparticle film is the small electron diffusion coefficient, Dn. Slow 
electron transport greatly limits the choice of redox couple in the electrolyte which in 
turn limits the photovoltage and constrains the choice of dye. Electron transport in 
semiconductor film is often modeled as the trapping and thermal release of electrons 
from a distribution of sub-bandedge states, which is highly dependent on the Fermi 
level of the semiconductor. For TiO2 nanoparticle film, the Dn is in the order of 10-4 
cm2 s-1.[25,26] However, this value is estimated to be in the order of 10-1 cm2 s-1 in the 
TiO2 single crystal,[27] a thousand times larger than that in the TiO2 nanoparticle film, 
indicating large room for improving electron transport in TiO2 film by changing the 
architecture of photoelectrode material. Other disadvantages of TiO2 nanoparticle film 
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include relatively low porosity[28] and complex TiO2 paste preparation procedures.[29]
In this regard, new photoelectrode materials other than TiO
 
In contrast, an ideal photoelectrode would be featured by fast electron transport, high 
transparency, tunable surface area and porosity. In addition, the fabrication process 
should be cost-effective and scalable.   
2
One pioneering work was done by Yang et al., who employed aligned ZnO 
nanorods array as the photoelectrode of a DSSC.
 and materials with 
new architectures especially one-dimensional (1-D) nanostructures which can 
effectively facilitate electron collection have been intensively studied.  
[30]
To overcome the roughness factor limitation on ZnO nanorods array, an array of 
TiO
 The photoelectrode is prepared on 
a conducting glass substrate where a layer of ZnO nanoparticles as crystal seed are 
deposited first. This is followed by preferential growth of the [0001] crystal face from 
solution. However, due to the small roughness factor (defined as the ratio of actual 
surface area to the projected surface area) of ZnO arrays (< 200) as compared to 
nanoparticle film, the energy conversion efficiency of the device is relatively low (~ 
1.5%). 
2 nanotubes with tunable roughness factor over 1000 has been made by 
electrochemical anodization of Ti film. For DSSCs with these photoelectrodes, the best 
conversion efficiencies currently approach 7%.[31] The fabrication of nanotubes can 
also be accomplished by atomic layer deposition (ALD) technique using anodic 
alumina oxide (AAO) or silica as templates. The template has a roughness 
factor >1500, exceeding nanoparticle film. More importantly, this inexpensive and 
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scalable technique allows the fabrication of a diversity of metal oxides with 1-D 
nanostructure. DSSCs made of ZnO nanotubes photoelectrode from ALD have 
displayed excellent light harvesting and an energy conversion efficiency over 5% 
under 100 mW cm-2 has been attained.[32]
Electrospinning is another simple and cost-effective technique to synthesize 1-D 
nanostructured semiconductor materials. Typically, the preparation of electrospun 
nanofibers involves a gel containing inorganic precursors and an organic matrix 
polymer mixed in a solvent, which is electrospun onto a grounded metal collector to 
form composite nanofiber mats. The composite nanofiber mats are then calcined to 
decompose the organic components, resulting in pure inorganic semiconductor 
nanofibers. A typical procedure is shown in Figure 2.5.  
  
 
Figure 2.5 Typical procedure of preparing semiconductor nanofibers by 
electrospinning.
Using this method, semiconductor nanofibers with varied diameters, components 
[33] 
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and morphologies (random, oriented, core-shell, mesoporous and hollow) are easily 
prepared on industrial scale.[34,35] For instance, TiO2 nanofibers are prepared by several 
groups for DSSCs application. Better charge collection as compared to TiO2 
nanoparticle film have been demonstrated and energy conversion efficiencies over 6% 
have been achieved in liquid and quasi-state DSSCs.[36]
Other semiconductor materials such as SnO
   
2,[37] Nb2O5 [38] and SrTiO3[39] have 
been applied to make photoelectrodes. The energy conversion efficiencies of DSSCs 
based on such materials are still low as compared to that based on TiO2
2.3.2 Development of new sensitizers 
. Understanding 
the charge transfer and recombination dynamics in these materials is highly desirable 
for improving device performance.  
A good sensitizer for DSSC should meet several requirements.[40]
By contrast, organic dyes have many advantages for their application in DSSCs.
 First, the 
absorption spectrum of the sensitizer should cover the whole visible and even part of 
the near-infrared (NIR) region. Second, the sensitizer should bind strongly to the 
semiconductor surface. Third, the sensitizer should have suitable energy levels to 
ensure electron injection and dye regeneration. In addition, the sensitizer should be 
stable for long-term use. Although traditional ruthenium dyes fulfill all these 
requirements and have achieved high energy conversion efficiency, they suffer from 
the high production cost and environmental issues, which limit their large-scale 
applications.  
[41] 
Firstly, the cost of organic dyes is relatively low as compared to that of ruthenium dyes 
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because they are easily synthesized and there is no limitation of resources such as 
precious noble metals. Secondly, organic dyes generally have much higher absorption 
coefficients than that of ruthenium dyes and the light absorption band of organic dyes 
can be easily tuned by molecular design. In addition, organic dyes are environmentally 
friendly as they could be easily removed by sintering in air. Accordingly, the 
photoelectrode could be recycled, which further reduces the cost of DSSCs. Up to date,  
hundreds of organic dyes such as coumarin dyes,[42,43] indoline dyes,[44-47] triarylamine 
dyes,[48-52] carbazole dyes,[53,54] hemicyanine dyes,[55]
Among orgainic dye family, conjugated polymers (CPs) have recently emerged as 
promising sensitizers for DSSC application due to their distinctive features such as 
sufficiently large absorption coefficient, tunable energy levels, multiple binding sites 
and easy deposition on various substrates. Some representative CP sensitizers are 
introduced below and their structures are listed in Table 2.2. 
 etc., have been developed as 
sensitizers for DSSCs and have obtained respectable device efficiencies. 
Table 2.2 Some representative CP sensitizers 














































                                                               



































Kim and coworkers reported the synthesis and application of poly(3-thiophene 
acetic acid) (PTAA) as the dye sensitizer for DSSCs, yielding an energy conversion 
efficiency of 1.4% under AM 1.5 with light intensity of 100 mW cm-2.[56] In addition, 
they found that PTAA adsorbed by the dipping process in dilute solution could give 
significantly larger device efficiency than that prepared by spin-coating technique 
(0.27%), due to the homogenous penetration of PTAA into the mesoporous TiO2 film. 
The device performance was further improved by optimizing the electrolyte 
composition, which resulted in an energy conversion efficiency of 2.4% under the 
same testing conditions.[57] Recently, an energy conversion efficiency of 2.9% was 
obtained by using low-molecular weight PTAA, which is the highest value ever 
reported for PTAA sensitized solar cells.[58]
Mwaura and coworkers demonstrated the concept of spectral broading through the 
use of a dual polymeric sensitizer system which includes a carboxylated 
poly(p-phenylene ethynylene) (PPE-CO
  
2) and a carboxylated polythiophene 
(PT-CO2).[59] PPE-CO2 absorbs in the blue region of the spectrum, whereas PT-CO2
Taranekar and coworkers developed hyperbranched conjugated polymers with 
 
has a more red-shifted absorption spectrum. The energy conversion efficiency for 
DSSCs based on the dual polymeric sensitizer system (0.9%) was found to be the sum 
of those based on each individual polymeric sensitizer. 
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both anionic (PSO3-) and cationic (PNMe3+) functional groups for DSSC 
application.[60]
An anionic conjugated polymer containing polyfluorene and benzothiadiazole 
(PFBT) was synthesized by our group and applied as sensitizer in DSSCs, yielding an 
energy conversion efficiency of 1.4% under 100 mW cm
 A device efficiency of 0.62% was reported for DSSCs using 
self-assembled multilayer polymers as sensitizers. 
-2 AM 1.5 G illumination.
Most recently, low-bandgap donor-acceptor conjugated polymer sensitizers 
(PTFTBT and PTTTBT) have been synthesized by Fang and coworkers.
[61] 
[62] The 
polymers feature a π-conjugated backbone consisting of an electron-poor 
2,1,3-benzothiadiazole (BT) as the acceptor, alternating with either a 
thiophene-fluorene-thiophene triad (TFT) or a terthiophene (TTT) segment as the 
donor. The donor-acceptor polymers absorb broadly throughout the visible region, 
with PTTTBT exhibiting an absorption onset at approximately 625 nm corresponding 
to a ∼1.9 eV bandgap. By optimizing the molecular weight of polymeric sensitizers, 
the best DSSC sensitized by PTTTBT achieved a photocurrent of 12.6 mA cm-2 and an 
energy conversion efficiency of ∼3% under AM 1.5G with light intensity of 100 mW 
cm-2
Although the energy conversion efficiency of DSSCs based on CP sensitizers 
remains lower as compared to devices based on ruthenium dyes and small molecule 
organic dyes, great opportunities arise to improve DSSC efficiency through device 
fabrication and molecular engineering of CP structure. 
. 
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2.3.3 Development of new hole transporting materials (HTMs) 
Although great success has been achieved for traditional DSSCs using ruthenium 
dye as the sensitizer and volatile liquid electrolyte containing I-/I3- redox couple,[63] 
several practical problems still need to be solved for its scaling up and commercial 
applications. The most important one relates to the stability of traditional DSSCs, 
which is caused by the evaporation and leakage of liquid electrolyte, the corrosion of 
Pt counter-electrode by I-/I3-, and the degradation of dye molecules.[64] These technical 
limitations have led to incessant efforts on the development of solid-state 
dye-sensitized solar cells (SDSCs) by replacing liquid electrolyte with inorganic p-type 
semiconductor[65-67] or organic hole transporting materials (HTMs).[68]
iro-bifluorene (spiro-OMeTAD),
 So far, the most 
successful organic HTM is 2,2’,7,7’-tetrakis-(N,N-di-4-methoxyphenylamino)-9,9’-sp- 
[69] which leads to ~ 6% efficiency for SDSCs with 
organic dye sensitized TiO2 as photoelectrode. These results demonstrate the great 
potential of developing SDSCs based on organic HTMs. The working principle of a 
SDSC is shown in Figure 2.6, quite similar to the liquid electrolyte based DSSC. The 
major difference is the oxidized dye molecule is regenerated by hole injection into the 
HTM (route 2), such as spiro-OMeTAD. Unlike conventional DSSC, the 
recombination of TiO2 conduction band electrons with HTM is very fast (route 4), 
which compromises the photocurrent of the cell and becomes one major reason for the 
much lower device efficiency of SDSC as compared to the conventional DSSC.
 
[69] 
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Figure 2.6 Working principle of a SDSC. 
Although spiro-OMeTAD is the most favorable organic HTM for fabricating 
SDSCs, it has some disadvantages such as low hole mobility[70] and high fabrication 
cost.[71] Consequently, conjugated polymers (CPs) have been intensively investigated 
as the alternative HTM due to their low cost, high hole mobility, good solubility and 
tunable optoelectronic properties.
An appropriate HTM for fabricating SDSCs must satisfy several requirements. 
Firstly, the highest occupied molecular orbital (HOMO) and the lowest unoccupied 
molecular orbital (LUMO) levels of the candidate HTM should be compatible with the 
HOMO level of the dye molecule and the conduction band of TiO
[72] 
2 to drive the 
charge-transfer process.[68] Secondly, the HTM should form amorphous thin films 
because the crystallization of HTM will inhibit efficient pore filling of mesoporous 
TiO2 film, which is regarded as a major limiting factor for device performance.[73,74] In 
addition, the hole mobility of HTM should be sufficiently high, as low hole mobility is 
believed to be another limiting factor for device performance. A number of CPs meet 
these requirements and have been successfully applied as HTM in SDSCs. The 
chemical structures of these CPs are shown in Figure 2.7. 
                                                               



























Figure 2.7 Chemical structures of CP HTMs. 
As a classical member of CP family, polyaniline (PANI), has excellent thermal and 
environmental stability, adaptable conductivity, reversible transition between doped 
and neutral states, and simple deposition method for HTM fabrication. Tan et al. 
initiated the fabrication of SDSCs using PANI as the HTM.[75] The HTM layer was 
prepared by spin-coating a solution of PANI dissolved in chloroform onto the 
ruthenium dye (N3) sensitized porous TiO2 film. The research group further studied 
the effect of PANI conductivity on device performance. They found that PANI with 
intermediate conductivity value (3.5 S cm-1) gave the best device performance. In 
addition, the film morphology and the cluster size of PANIs also have great influence 
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on the photovoltaic behaviors of the devices. By overall optimization of these 
parameters, the optimum values of Jsc (0.77 mA cm-2) and η (0.10%) were obtained.[76] 
Subsequently, when LiI and 4-tert-butylpyridine (tBP) were used as additives for 
4-dodecylbenzenesulfonic acid-doped polyaniline (PANI-DBSA), the corresponding 
devices showed improved η of up to 1.15%.[77]
Polypyrrole (PPy) is another early developed polymer HTM. Yanagida’s group 
firstly reported that photoelectrodeposited polypyrrole (Ppy) on ruthenium dye (N3) 
anchored TiO
  
2 surface as HTM.[78] They found that the doping density and the 
oxidation state of the Ppy layer had great effect on J-V characteristics of the device. At 
optimized conditions, the device showed Voc of up to 670 mV and Jsc of 82 μA cm-2, 
yielding η of 0.10% at low light intensity (22 mW cm-2). Subsequently, the sensitizer 
N3 was replaced by a newly synthesized dye cis-Ru(dcb)2(pmp)2 (dcb = 
4,4’-dicarboxy-2,2’-bipyridine, pmp = 3-(pyrrole-1-ylmethyl)-pyridine).[79] The pmp 
ligand worked as a binding site for the Ppy chain, which led to improved energy 
conversion efficiency. The research group further optimized the device by using 
carbon-based counter electrode instead of Pt counter electrode.[80] The viscous 
carbon-based paste on the Ppy film gave a homogeneous filling in the void of Ppy and 
increased interface of conductive carbon and Ppy, which led to devices with Voc of 716 
mV and Jsc of 104 μA cm-2, with η of 0.62% at low light intensity of 10 mW cm-2
Poly(3-alkylthiophene)s, particularly poly(3-hexylthiophene) (P3HT) and 
poly(3-octylthiophene) (P3OT), are an important type of CP HTMs for SDSCs due to 
their high hole mobility, good solubility and thermal stability.
.  
[81,82] Gebeyehu et al. 
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reported SDSCs fabricated from ruthenium dye N719 on TiO2 electrode as sensitizer 
and spin-coated P3OT film as HTM.[83] At light intensity of 80 mW cm-2, the devices 
showed Voc of 650 mV and Jsc of 450 μA cm-2, yielding η of 0.16%. In addition, 
Takahashi et al. reported a TiO2/organic dye NK2097/P3HT/PEDOT/Au 
sandwich-type solar cell with η of 0.85% under 100 mW cm-2 light intensity.[84]
The initial performance of SDSCs with P3HT or P3OT as HTMs was relatively 
poor (η < 1%) due to the inefficacy of sensitizer or poor pore filling of HTMs into 
mesoporous TiO
  
2 film. With the incessant efforts from several research groups, the 
device performance has been improved steadily. By optimization of a series of 
parameters such as TiO2 crystalline state (anatase, brookite), density, and film 
thickness, a high efficiency of 1.3% was obtained for devices with the configuration of 
TiO2/N719 dye/P3OT/Au.[85]
Recently, our group developed organic indoline dye (D102) 
sensitized-TiO
  
2/P3HT/Ag solar cells. The interface of D102-TiO2/P3HT was further 
treated with a solution containing Li(CF3SO2)2N and tBP. A nearly 60-fold 
improvement in device efficiency was accomplished as compared to the device without 
any treatment, resulting in a high energy conversion efficiency of 2.63%.[86] 
Quasi-solid state TiO2/organic dye HRS-1/P3HT/Au solar cells with ionic liquid and 
additives have also been reported to achieve a similar efficiency.[87] A more inspiring 
work was done by Grime and coworkers, who developed a solid-state solar cell, 
consisting of TiO2 nanotube arrays vertically oriented from the FTO glass substrate. 
The TiO2 nanotubes were sensitized with unsymmetrical squaraine dye (SQ-1) that 
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absorbs red and near-IR solar spectrum, and were uniformly infiltrated with P3HT that 
absorbs higher energy photons.[88] These devices exhibited broad, near-UV to near-IR, 
spectral response with external quantum yields of up to 65%. Under UV filtered AM 
1.5 G of 90 mW cm-2 intensity, they achieved typical device efficiency of 3.2%. This 
device design is very promising as it contains two photoactive layers, the organic dye 
and P3HT, both of which contribute to the photocurrent. Moreover, the infiltrated CP 
chains are well aligned inside the vertically oriented TiO2 nanotube arrays, resulting in 
good carrier mobilities. On the other hand, Chang et al. recently reported a solid state 
nanostructured inorganic-organic heterojunction solar cells by depositing Sb2S3 and 
P3HT on the surface of a mesoporous TiO2 layer, where Sb2S3 acted as a sensitizer 
and P3HT acted as both a hole conductor and light absorber.[89] These devices worked 
remarkably well with a maximum incident photon-to-current conversion efficiency 
(IPCE) of 80% and power efficiency of 5.13% under AM 1.5G illumination with the 
intensity of 100 mW cm-2
Various tryiarylamine based polymers have also been successfully applied in 
SDSCs. Schmidt-Mende et al. developed two novel substituted triarylamine oligomers, 
termed AV-DM and AV-OM as HTMs, which showed η of 0.90% and 2.0%, 
respectively, for the device with the configuration of TiO
, which is comparable to SDSCs using spiro-OMeTAD as 
HTMs. These encouraging results indicate that poly(3-alkylthiophene) has great 
potential in fabricating high-performance SDSCs.  
2/Z907/AV-DM or 
AV-OM/Au under 100 mW cm-2 AM 1.5G conditions.[73] Devices with similar 
performance were also reported by Kroeze et al.,[74] indicating that the tryiarylamine 
                                                               
Chapter 2  
 32 
based polymers could work as efficient HTMs in SDSCs. 
Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylene-vinylene] (MEHPPV) has 
also been used as HTM for SDSCs using ruthenium dye (N719) as the sensitizer.[90] 
Various factors, such as the morphology of the TiO2 surface, addition of an interlayer 
of KI/I2 between the TiO2 and MEHPPV layer, and thickness of the MEHPPV layer 
were found to affect device performance. By optimizing these parameters, the best 
device attained Jsc of 1.51 mA cm-2, Voc of 0.65 V, FF of 0.5, resulting in η of ~ 0.51% 
under 100 mW cm-2 
As most of CP HTMs absorb visible light which compromises the light harvesting 
efficiency of dye sensitizers, Yanagida’s group proposed to use 
poly(3,4-ethylene-dioxythiophene) (PEDOT) as the HTM due to its high transparency 
in visible range and high hole conductivity up to 550 S cm
AM1.5G irradiation. 
-1.[91] The PEDOT layer was 
initially prepared by chemical polymerization of monomer 
3,4-ethylene-dioxythiophene (EDOT) in a n-tutanol solution containing Fe(III) 
tris-p-toluenesulfonate and imidazole. The additives, tBP and lithium 
trifluoromethylsulfonylimide (LiTf2N), were added to improve device performance. 
However, the optimized device conversion efficiency was rather poor (η ~ 0.012%), 
which was attributed to the slow reduction of oxidized dye by PEDOT and strong 
charge recombination at the TiO2/PEDOT interface. Subsequently, they prepared the 
PEDOT layer on ruthenium dye N719 anchored TiO2 film by photoelectrochemical 
polymerization of bis-(3,4-ethylene-dioxythiophene) (bis-EDOT).[92] As compared to 
chemical polymerization, photoelectrochemical polymerization led to better electric 
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contact between dye and PEDOT layer, resulting in a greatly improved η of 0.53%. 
Recently, they carefully studied the effect of different doping anions (ClO4-, CF3SO3-, 
BF4-, and TFSI-) on overall solar cell performance.[93] Doping anions in PEDOT was 
found to have great influences on J-V curves, conductivity and electrochemical 
impedance. The best solar cell performance of 2.85% was obtained under 100 mW 
cm-2 AM1.5G illumination when TFSI- anion was used. Recently our group reported 
efficient polymer HTM based SDSCs by in-situ polymerization of bis-EDOT in a thin 
layer electrolytic cell using organic dye (D149) as the sensitizer. The devices have 
shown an average efficiency of 6.1%, which represents a remarkable improvement for 
CP HTM based devices.[94]
 
 By comparing with ruthenium dye (Z907) sensitized 
devices, the excellent light response of D149 sensitized devices is attributed to the 
broad light absorption, low photoelectron recombination and good polymer 
penetration. 
2.3.4 Development of new counter electrode materials 
The counter electrode of a DSSC using I-/I3- redox couple is usually fabricated by 
sputtering a platinum layer (~200 nm) or pyrolysis of H2PtCl6 solution on FTO 
substrate. Two advantages make platinized FTO glass be well suited for the counter 
electrode. One is the electrocatalytic activity of the platinum which improves the 
reduction of I3- by facilitating electron exchange.[95]
Although most of the highly efficient DSSCs are based on Pt counter electrode, 
 The other is the increased 
light-refection due to the mirror-effect of platinized FTO.  
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several disadvantages hinder its wide application. The primary disadvantage is the 
limited material availability for such a rare metal, which is not suitable for the 
production of large area DSSCs for the sake of fabrication cost. In addition, there are 
also some reports proving the corrosion of Pt in I3--containing electrolyte generating 
platinum iodide such as PtI4,[96] indicating the problem of long-term stability of Pt 
electrode. It should be desirable to develop Pt-free counter electrode with good 
catalytic activity for the reduction of I3-
In a previous report, a mixture of graphite and carbon black was used as the 
counter electrode and an energy conversion efficiency of 6.7% was achieved.
 and excellent stability in the electrolyte. 
[97] Later, 
several varieties of carbon materials, such as carbon nanotubes,[98] activated carbon 
and graphite[99,100] have also been employed as catalysts on FTO glass for counter 
electrodes. Organic ion-doped conducting polymers based on 
poly(3,4-ethylenedioxythiophene) (PEDOT) were used as catalytic materials on FTO 
glass as the counter electrode for DSSCs with both organic and liquid 
electrolytes.[101,102] While the cost of carbon materials and organic conducting 
polymers is lower than that of Pt, the problems of poor adhesion to the FTO substrates 
and insufficient energy conversion efficiency need to be resolved in the near future. It 
is encouraging that the a DSSC based on carbon black counter electrode achieving 
over 9% efficiency has been successfully fabricated, demonstrating the great potential 
of Pt-free counter electrode for making highly efficient DSSCs.
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 NANOROD PHOTOELECTRODE 
FOR DYE SENSITIZED SOLAR CELL APPLICATION 
In the past decade, nanostructured semiconductor oxides have been intensively 
studied owing to their potential applications in many areas.[1] In particular, 
one-dimensional (1-D) semiconductor oxides, such as nanorods[2], nanotubes[3], 
nanofibers[4] and nanowires[5] have attracted growing interest due to their unique 
structure and properties. For instance, 1-D TiO2 or ZnO have been widely used as 
photoelectrode materials in dye sensitized solar cells (DSSCs) because they can 
effectively facilitate electron collection as compared to the conventional TiO2 or ZnO 
nanoparticles based photoelectrode.[6,7] Up to date, several techniques have been 
established for the fabrication of 1-D nanostructured semiconductor oxides, which 
include template directed[8] or template-free synthesis,[9] alkali treatment,[10] thermal 
evaporation,[11] self-assembly,[12] and electrospinning.[13] Among these methods, the 
electrospinning technique is simple and cost-effective, which offers new opportunities 
to produce semiconductor oxides nanofibers with varied morphologies and 
compositions on industrial scale.
Typically, the preparation of electrospun semiconductor oxides nanofibers 
involves a gel containing inorganic precursors and an organic matrix polymer mixed in 
a solvent, which is electrospun onto a grounded metal collector to form composite 
nanofibers. The composite nanofibers are then calcined to decompose the organic 
[14] 
                                                               
Chapter 3  
 44 
components, resulting in the pure semiconductor oxides nanofibers. The matrix 
polymer in the gel plays a crucial role in determining the morphology and structure of 
the resultant semiconductor oxides nanofibers. As a consequence, selection of matrix 
polymer is critical for the applications of semiconductor oxides nanofibers, especially 
in the field of electronic devices where the purity and the crystal phase of 
semiconductor oxides are important. 
In general, a matrix polymer should be compatible with the inorganic precursors to 
allow fabrication of continuous nanofibers. In addition, the thermal decomposition 
temperature (Td) of the matrix polymer should also be taken into consideration. This is 
because polymers with high Td require high calcination temperature for removal. It has 
been reported that high temperature calcination affects the structure and properties of 
the semiconductor oxide nanofibers,[15] which eventually affects the device 
performance. Conventional matrix polymers, such as poly(vinyl pyrrolidone) (PVP) 
and poly(vinyl acetate) (PVAc) have been widely used for electrospinning of 
nanofibers.[14] Although each of these matrix polymers has its unique advantages, some 
drawbacks still exist. For instance, the complete removal of PVP requires high 
calcination temperature and results in poisonous nitride. The common solvent for 
PVAc is N,N-dimethylformamide (DMF), which is nonvolatile and toxic.[16]
In this chapter, we report the preparation of anatase TiO
   
2 nanofibers with uniform 
morphology by electrospinning using poly(ethylene oxide) (PEO) as the matrix 
polymer. PEO is selected as the matrix polymer with the following considerations. 
Primarily, PEO has a lower Td than that of most conventional matrix polymers so that 
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pure TiO2 nanofibers could be obtained at lower calcination temperature. It is known 
that TiO2 has three crystal structures: rutile, anatase, and brookite. Anatase is the 
preferred structure for DSSC application because it has a higher conduction band edge 
energy, which leads to a higher open circuit photovoltage (Voc) in DSSCs for the same 
conduction band electron concentration.[17] The transition from anatase to rutile was 
reported to occur in a wide range of temperatures, depending on experimental 
conditions.[15,18] In this regard, it is of great importance to keep a low calcination 
temperature to maintain the pure anatase TiO2. Secondly, PEO has good solubility in 
both polar and non-polar solvents,[19,20] which simplifies the preparation of the 
electrospinning gel. Thirdly, commercial PEO with different molecular weights are 
readily available, which allows fine-tune the structure of resultant TiO2 nanofibers by 
careful controlling the viscosity of the gel. Lastly but importantly, compared with other 
matrix polymers, PEO is environmentally friendly with no air pollutant produced 
during calcination.[21]
In this chapter, we start with the thermogravimetric analysis (TGA) of PEO in air. 
We then investigate the morphologies of electrospun TiO
   
2 nanofibers using scanning 
electron microscopy (SEM) and transmission electron microscopy (TEM). This is 
followed by the crystal structure analysis based on the results obtained from the X-ray 
diffraction (XRD) and selected area electron diffraction (SAED) study. To demonstrate 
the application of the synthesized TiO2 nanofibers in DSSCs, TiO2 nanofibers are 
ground into nanorods and used as photoelectrode. As compared to conventional TiO2 
nanoparticle based photoelectrodes, the TiO2 nanorod photoelectrode developed in the 
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present work has the advantage of tunable surface area and fast electron collection, 
which provides possibility for large area DSSC applications in the future.  
3.2 Experimental section 
Preparation of TiO2
The TiO
 nanofibers by electrospinning 
2 nanofibers were electrospun from the precursor gel consisting of 
poly(ethylene oxide) (PEO) (Mw = 900 000, Sigma-Aldrich), titanium (IV) 
isopropoxide (Ti(OiPr)4; 97%, Sigma-Aldrich), acetic acid and ethanol. Three 
precursor gels were prepared with the following composition: (A), [PEO] = 0.0045 g 
mL-1, [Ti(OiPr)4] = 0.018 g mL-1; (B), [PEO] = 0.0045 g mL-1, [Ti(OiPr)4] = 0.036 g 
mL-1; (C), [PEO] = 0.0045 g mL-1, [Ti(OiPr)4]=0.072 g mL-1. The acetic acid 
concentration is 0.008 g mL-1 for three gels. The precursor gel was then loaded into a 
plastic syringe connected to a stainless steel needle of ~ 210 μm inner diameter as the 
spinneret. The distance between the spinneret and the collector was fixed at 10 cm. 
Electrospinning was performed in a fumehood in air, maintaining humidity below 40%. 
The flow rate of 1.0 mL h−1 was controlled by a syringe pump. The electric field 
strength for precursor gels (A), (B) and (C) was 0.6, 0.8 and 1.2 kV cm-1, respectively. 
The TiO2
Preparation of TiO
/PEO composite nanofibers were then deposited on a grounded metal 




2 nanofibers were converted to TiO2 nanorods by mechanical grinding, 
according to our previous work [36]. The paste was made by mixing 0.1 g of TiO2 
nanorods with 0.3 g of α-terpineol (98%, Acros) and 0.05 g of ethyl cellulose (Aldrich). 
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In a typical process of fabricating TiO2 photoelectrodes, the paste was deposited on 
fluorine doped tin oxide (FTO) glass (15 Ω/square, Asahi) by doctor-blading technique, 
which was then dried at 80 °C in the air and sintered at 450 °C for 30 min. The 
obtained TiO2 photoelectrodes were further treated with an aqueous solution of TiCl4
Cell assembly  
 
(20 mM) at 70 °C for 30 min and sintered again at 450 °C for 30 min. 
The TiO2 photoelectrodes were soaked in a 1:1 volume mixture of acetonitrile and 
tert-butanol with 0.3 mM ruthenium dye (RuL2(NCS)2·2H2
dicarboxylic acid, (N3 dye, Solaronix) for 24 h at room temperature in the dark. The 
dye sensitized TiO
O; L = 2.2’-bipyridyl-4,4’- 
2 photoelectrodes were washed with ethanol to remove 
non-anchored dye molecules and then dried in air. Pt-sputtered FTO glasses were used 
as the counter electrode. The Pt counter electrode and the dye anchored TiO2 
photoelectrodes were assembled into a sealed sandwich type cell using a sealing 
material (SX1170-25, film thickness = 25 μm, Solaronix). Acetonitrile containing 0.1 
M LiI, 0.03 M I2, 0.5 M 4-tert-butylpyridine and 0.6 M 1-propyl-2,3-dimethyl 
imidazolium iodide was used as an electrolyte solution. The electrolyte solution was 
injected into the cell through a small opening drilled on the counter electrode. In the 
last step, the opening was sealed by a piece of glass. The typical active area of the cell 
is ~ 0.28 cm2
Characterization  
 controlled by a metal mask. 
Thermal decomposition profiles of PEO, PVP and PVAc were recorded by a 
thermogravimetric analyzer TGA 2050 (Thermal Analysis Instruments, USA) in air 
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atmosphere with a flow rate of 100 mL min-1. The temperature varied from 24 °C to 
700 °C at a heating rate of 10 °C min-1. Morphologies of TiO2 nanofibers were 
characterized by a scanning electron microscope (SEM; Quanta 200 FEG System: FEI 
Company, USA) operated at 15 kV. The average diameter of TiO2 nanofibers was 
determined from the SEM images using graphics software (Macromedia Fireworks 
MX). The TiO2 nanofibers were further examined by transmission electron microscopy 
(TEM; JEM 2010F, JEOL, Japan) and selected area electron diffraction (SAED) 
operated at 200 kV. The sample was prepared by loading a drop of TiO2 nanofiber 
suspension in methanol onto a carbon-coated 200 mesh Cu grid. The crystal structure 
of TiO2 nanofibers was investigated by an X-ray diffraction technique (XRD-6000, 
Shimadzu, Japan) using Ni-filtered Cu Kα line (λ = 0.15418 nm) at a scanning rate of 
2° min-1 in 2θ ranging from 20° to 80°. The porous properties of the TiO2 nanofibers 
were characterized using N2 adsorption at –196 °C on a Multi-Station High Speed Gas 
Sorption Analyzer (Quantachrome, NOVA 3000). Prior to adsorption, the samples were 
degassed at 200 °C overnight. The Brunauer–Emmett–Teller (BET) method was used 
to determine the specific surface area of the samples in the relative pressure range 
(P/P0) of 0.05–0.35. The specific cumulative pore volume was obtained from the 
volume of N2 adsorbed at the relative pressure of 0.99. Photocurrent measurements of 
the assembled DSSCs were conducted under irradiation of a 100 mW cm−2 xenon lamp 
(Thermo Oriel Xenon Lamp 150W: Model 66902) with AM1.5G condition. Current 
density–voltage curves of DSSCs were obtained by using a potentiostat (Autolab 
PGSTAT30, Eco Chemie B.V., Netherlands). 
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3.3 Results and Discussion 
The purity and crystal phase of semiconductor oxides is of high importance for 
evaluation of their performance in electronic devices.[22] In order to obtain pure 
electrospun semiconductor oxide nanofibers, the matrix polymer should be completely 
removed in the calcination step. Figure 3.1 shows the TGA curves of PEO, PVP and 
PVAc measured in air. The onset decomposition temperature (5 wt% loss) for PEO, 
PVAc and PVP is 209, 304 and 328 °C, respectively. At 400 °C, there is no residue left 
for PEO, while 28% PVAc or 81% PVP remains. In order to completely remove PVAc 
or PVP, the calcination temperature should reach 554 and 640 °C, respectively. 
Obviously, PEO is much easier to decompose than PVAc or PVP, which facilitates 
faster removal of the matrix polymer from the composite TiO2 nanofibers. In addition, 
low temperature calcination is time- and energy-efficient, which is beneficial to reduce 
the fabrication cost of DSSCs. These features make PEO a better matrix polymer for 
preparing pure anatase electrospun TiO2 nanofibers than PVAc or PVP does. 
 
Figure 3.1 TGA curves of PEO, PVAc and PVP in air. 
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Figure 3.2 SEM images of calcined TiO2 nanofibers produced from a precursor 
gel containing PEO (0.0045 g mL-1) and Ti(OiPr)4 (A, 0.018 g mL-1; B, 0.036 g mL-1; 
C, 0.072 g mL-1). The electric field strength for precursor gel A, B and C was 0.6, 0.8 
and 1.2 kV cm-1
The structure of the electrospun TiO
, respectively. 
2 nanofibers could be easily controlled by 
fine-tuning the compositions of precursor gels and the electrospinning parameters. In 
the present work, three types of TiO2 nanofibers with similar diameters and varied 
TiO2 grain sizes were successfully prepared. The SEM images in Figure 3.2 clearly 
reflect the cross-section uniformity throughout the length of each individual nanofiber. 
The average diameter of the nanofibers in (A) ~ (C) is 162 ± 34, 161 ± 23 and 158 ± 
17 nm, respectively. Meanwhile, the TEM images in Figure 3.3 show that each TiO2 
nanofiber is composed of uniformly dispersed but interconnected TiO2 grains. The 
grain size is observed to be 11.3 ± 2.1, 18.3 ± 3.4 and 19.0 ± 3.5 nm for nanofibers in 
(A), (B) and (C), respectively. It is Obvious that the TiO2 grain size of the calcined 
nanofibers increases gradually with increased precursor (Ti(OiPr)4) concentration. 
Such a trend is different from that in typical sol-gel chemistry where a large number of 
TiO2 nuclei is evolved under higher concentration of precursor and the grain growth 
for each nucleated TiO2 is suppressed with mutual competition, leading to the 
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formation of small-sized TiO2 nanoparticles.[23] Although the preparation of precursor 
gel for electrospinning involves sol-gel process, the nucleation and growth of TiO2 in 
matrix polymer solution are more complicated than those in conventional sol-gel 
process, several parameters have been reported to affect such a process, which include 
the types of matrix polymer, the concentration of matrix polymer, the ratio of 
precursor/matrix polymer, electric field strength and ambient moisture.[24] Considering 
the similar preparation procedures, the varied TiO2 grain size in the calcined TiO2 
nanofibers (A) ~ (C) is likely attributed to the varied ratio of precursor/matrix polymer 
and electric field strength. 
 
Figure 3.3 TEM images of calcined TiO2 nanofibers produced from a precursor 
gel containing: PEO (0.0045 g mL-1) and Ti(OiPr)4 (A, 0.018 g mL-1; B, 0.036 g mL-1; 
C, 0.072 g mL-1). The electric field strength for precursor gel A, B and C is 0.6, 0.8 and 
1.2 kV cm-1
The corresponding selected area electron diffraction (SAED) patterns of these 
TiO
, respectively. 
2 nanofibers are shown in the insets of Figure 3.3. The polycrystalline rings can be 
indexed to highly crystalline anatase phase TiO2. In particular, the diffraction ring with 
the smallest diameter corresponds to the strongest reflection of the anatase (101).[25]  
No diffraction ring corresponding to the rutile or brookite phase is detected, indicating 
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that the calcined TiO2
The crystal structure of calcined TiO
 nanofibers are in the pure anatase phase.  
2 nanofibers was further investigated by XRD 
analysis and the results are shown in Figure 3.4. All the peaks in the XRD pattern are 
indexed to anatase phase of TiO2, which correlate well with the results from SAED 
analysis in Figure 3.3. No peaks of impurity or secondary phase are detected, 
indicating the formation of pure anatase phase in TiO2 nanofibers after calcination at 
400 °C in air. From the Scherrer equation [26] and the anatase (101) peak at 2θ = 25.3°, 
the grain sizes of TiO2 are calculated to be 9.9, 17.5 and 18.7 nm for nanofibers 
prepared from gel (A), (B) and (C), respectively. This result is in agreement with the 
observation from TEM. 
 
Figure 3.4 XRD patterns of the calcined TiO2 nanofibers produced from a 
precursor gel containing PEO (0.0045 g mL-1) and Ti(OiPr)4 (A, 0.018 g mL-1; B, 
0.036 g mL-1; C, 0.072 g mL-1). The electric field strength for precursor gel A, B and C 
was 0.6, 0.8 and 1.2 kV cm-1
The Brunauer–Emmett–Teller (BET) measurement of calcined TiO
, respectively. 
2 nanofibers 
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was performed to determine the specific surface area (S), porosity (P) and surface 





)                                                 (1)                                                                                    
p is the specific cumulative pore volume (cm3 g-1) and ρ is the density (g 
cm-3) of anatase TiO2 (ρ = 3.891 g cm-3
The roughness factor (R)
) 
[28] was calculated by:
R=ρ(1-P)S                                                    (2)                                                                                                 
  
The BET test results are summarized in Table 3.1. Samples A, B and C refer to 
calcined TiO2 nanofibers with grain sizes of 9.9, 17.5 and 18.7 nm, respectively. It is 
obviously that as the grain size increased from samples A to C, the specific surface 
area (S) and roughness factor (R) of TiO2
Table 3.1 BET results for nanofibers with different TiO
 nanofibers decreased remarkably. 
2
 









Figure 3.5 SEM image of the calcined TiO2
Sample  
 photoelectrode. 
S (m2 g-1 V) p (cm3 g-1 P (%) ) R (μm-1
A 
) 
65.8 0.160 38.4 157.6 
B 40.2 0.0649 20.2 124.9 
C 34.3 0.0714 21.7 104.3 
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To demonstrate the application of the obtained TiO2 nanofibers, dye sensitized 
solar cells (DSSCs) were fabricated and the device performance was investigated. It is 
noted that the original TiO2 nanofibers are quite long (even at 100 μm scale, the 
nanofibers are still continuous), which are not suitable for DSSC application. In this 
regards, the TiO2 nanofibers were first ground into nanorods with an average length of 
400 ± 100 nm, which was followed by paste preparation by mixing 0.1 g of TiO2 
nanorods, 0.3 g of α-terpineol and 0.05 g of ethyl cellulose. The TiO2 photoelectrode 
was made by doctorblading the nanorod paste to form a TiO2 nanorod layer on fluorine 
doped tin oxide (FTO) glass, followed by sintering TiCl4 treatment. A typical SEM 
image of the calcined TiO2 photoelectrode is shown in Figure 3.5. After the TiO2 
photoelectrode was sensitized with ruthenium dye (RuL2(NCS)2·2H2
Figure 3.6 presents the typical photocurrent density-voltage (J-V) curves for cells 
based on TiO
O; L = 
2.2’-bipyridyl-4,4’-dicarboxylic acid) (N3 dye), a platinum counter electrode was 
applied. This was followed by the addition of electrolyte solution to finish the cell 
assembly. 
2 nanorod photoelectrodes with different TiO2 grain size. The device 
characteristics are summarized in Table 3.2. The best photovoltaic characteristics were 
obtained for device (B) with TiO2 grain size of 17.5 nm. An energy conversion 
efficiency (η) of 6.44% was achieved under 100 mW cm−2 AM 1.5G illumination. As 
compared to the previously reported DSSCs employing electrospun TiO2 nanofibers or 
nanorods as photoelectrodes which yielded energy conversion efficiencies in the range 
of 5.0% ~ 6.2% under the same illumination conditions,[29-31] the result of present work 
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represents one of the most efficient DSSCs using similar nanostructured 
photoelectrode. Considering the similar thickness (~ 15 μm) for three TiO2 nanorod 
photoelectrodes, reducing the grain size of TiO2 nanorod from (C) to (A) produces 
double effects. On one hand, it increases the roughness factor of the TiO2 
photoelectrode, which is beneficial to dye loading and leads to short circuit 
photocurrent density (Jsc) enhancement.[32] On the other hand, reducing the TiO2 grain 
size lowers the electron diffusion coefficients in TiO2 photoelectrode, which normally 
decreases Jsc.[33,34] The counterbalance of these two effects determines the optimized 
grain size at which the maximum Jsc value could be obtained. Such speculation is 
confirmed by our recent findings.[35] In addition, the J-V curves in Figure 3.6 show that 
device (B) has the smallest series resistance among these three devices and these three 
devices have similar shunt resistance, which explains the highest fill factor (FF) for 
device (B). As device (B) also has the highest Jsc and a similar open circuit 
photovoltage (Voc) to others, leading to its best energy conversion efficiency among 
these devices. Further improved performance of DSSCs could be obtained by fine-tune 
the TiO2 grain size and photoelectrode film thickness.  
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Figure 3.6 Typical photocurrent density-voltage curves of DSSCs made of TiO2 
nanorods with different TiO2 
Table 3.2 Device characteristics of DSSCs made of TiO
grain size: (A) 9.9 nm; (B) 17.5 nm; and (C) 18.7 nm.  
2 nanorods with different TiO2 
 





In summary, we have demonstrated that PEO could be used as the matrix polymer 
to produce high-quality electrospun TiO2 nanofibers. Compared to conventional 
matrix polymers, PEO can be easily removed at a low calcination temperature. The 
synthesized TiO2 nanofibers are in pure anatase phase and have uniform morphology. 
In addition, the TiO2 
Device 
grain size could be easily tuned by controlling the composition of 
Voc J (V) sc (mA cm-2 FF (%) ) η (%) 
(A) 0.751 14.35 52.3 5.63 
(B) 0.733 15.02 58.5 6.44 
(C) 0.737 9.01 49.1 3.26 
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precursor solution and electrospinning parameters. Dye sensitized solar cells based on 
TiO2 nanorods converted from nanofibers were fabricated and the best devices showed 
the short circuit photocurrent density of 15.02 mA cm−2 and energy conversion 
efficiency of 6.44%, under 100 mW cm−2 AM 1.5G illumination. It was also found that 
the TiO2 grain size in the synthesized nanofibers played an important role in 
determining the DSSC performance. Considering the simple and cost-effective features 
of electrospinning technique, the TiO2 
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CHAPTER 4 
FACILE CONSTRUCTION OF NANOFIBROUS ZnO 
PHOTOELECTRODE FOR DYE SENSITIZED SOLAR CELL 
APPLICATION  
4.1 Introduction 
While most dye sensitized solar cells (DSSCs) utilize nanocrystalline TiO2 as the 
photoelectrode,[1] ZnO has proven to be a promising alternative photoelectrode 
material owing to its similar band gap and comparable electron injection process as 
that of TiO2.[2] In addition, ZnO is widely available with high electron mobility.[3] Up 
to date, the highest efficiency for ZnO-based DSSCs is reported to be 6.58% 
employing sintered ZnO nanoparticle film as photoelctrode,[4] which is lower than that 
for devices based on TiO2 photoelectrodes. One limiting factor for improving the 
performance of ZnO-based DSSCs is the poor chemical stability of ZnO in acidic dye 
solution if long term sensitization is adopted and the formation of Zn2+/dye complexes 
that could block the injection of electrons from the dye molecules to the 
semiconducting electrodes.[5,6] This problem could be partially solved by reducing 
sensitization time or designing new dyes that are suitable for ZnO photoelectrode.[7] 
Another limiting factor for device efficiency is the low charge collection efficiency in 
conventional ZnO photoelectrode composed of nanoparticles. In this context, 
one-dimensional (1-D) ZnO nanostructures have attracted great interest recently 
because they could provide a direct conduction pathway for rapid collection of 
photoelectrons.[8] Up to date, photoelectrodes based on ZnO nanowires, nanorods and 
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nanotubes have been prepared by various techniques, with energy conversion 
efficiency of 0.5 ~ 1.6%.
 As shown in the chapter 3, electrospinning technique provides a simple and 
cost-effective way to prepare semiconductor oxide with 1-D nanostructure.
[9-11] 
[12] 
However, the obtained electrospun nanofibers usually could not be used as 
photoelectrode directly in DSSC due to the poor adhesion of electrospun nanofibers to 
the FTO substrate. Accordingly, in the previous chapter, we converted the electrospun 
TiO2 nanofibers into nanorod paste for device fabrication. Another route is to use 
various pretreatment methods.[13-16] For instance, our group has shown that a buffer 
layer could be introduced to improve the adhesion of TiO2 nanofibers to substrate.[16] 
Recently, the hot press treatment has also been applied to enhance the adhesion of ZnO 
nanofibers to the FTO substrate. However, the morphology of ZnO nanofibers is 
greatly affected to yield an device efficiency of 1.34%.[17]
In this chapter, we report a facile method to prepare nanofibrous ZnO films with 
tunable thickness and good adhesion to FTO substrate. As compared to the method 
described in chapter 3, the present method avoids paste making or pretreatment 
procedures, which further reduces the fabrication cost of DSSCs. The best device has 
an energy conversion efficiency of 3.02% under 100 mW cm
  
-2 
4.2 Experimental section 
AM1.5G illumination, 
which is greatly improved as compared to the previous reports adopting ZnO 
photoelectrodes with similar structure. 
Preparation of ZnO nanofibers by electrospinning  
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The ZnO nanofibers were electrospun from a precursor gel containing 0.5 g of 
zinc acetate (Zn (OAc)2, > 99.8%), 0.2 g of poly(ethylene oxide) (PEO, Mw = 
900,000), 100 μL of acetic acid, 4.5 mL of deionized water and 18 mL of ethanol at a 
flow rate of 0.5 mL h−1 and an electric field of 0.6 kV cm-1. The as-spun ZnO 
nanofibers were collected on cleaned fluorine-doped SnO2
Device fabrication  
 glasses then calcined at 
400 °C for 1 h to remove organic components. 
DSSCs based on ZnO nanofibrous photoelectrodes were fabricated by soaking the 
ZnO films in 0.5 mM bis(tetrabutylammonium)[cis-di(thiocyanato)-bis(2,2'-bipyridyl- 
4-carboxylate-4'-carb-oxylic acid)-ruthenium(II)] (N719 dye, Solaronix) solution 
dissolved in a 1:1 volume mixture of acetonitrile and tert-butanol for 30 min at room 
temperature in the dark. Pt-sputtered FTO glass was used as the counter electrode. The 
cell area is 0.15 cm2 controlled by a metal mask. 0.1 M LiI, 0.05 M I2
Characterization 
, 0.5 M 
4-tert-butylpyridine and 0.6 M 1-propyl-2,3-dimethyl imidazolium iodide dissolved in 
3-methoxypropylnitrile was used as an electrolyte solution. 
Morphologies of ZnO nanofibers were characterized by a scanning electron 
microscope (SEM; Quanta 200 FEG System: FEI Company, USA) operated at 15 kV. 
The average diameter of ZnO nanofibers was determined from the SEM images using 
graphics software (Macromedia Fireworks MX). The crystal structure of ZnO 
nanofibers was investigated by an X-ray diffraction technique (XRD-6000, Shimadzu, 
Japan) using Ni-filtered Cu Kα line (λ = 0.15418 nm) at a scanning rate of 2° min-1 in 
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2θ ranging from 20° to 80°. The structure of ZnO nanofibers were further examined by 
the selected area electron diffraction (SAED) in transmission electron microscopy 
(TEM; JEM 2010F, JEOL, Japan). The porous properties of ZnO nanofibers were 
characterized using N2 adsorption at –196 °C on a Multi-Station High Speed Gas 
Sorption Analyzer (Quantachrome, NOVA 3000). Prior to adsorption, the samples 
were degassed at 200 °C overnight. The Brunauer–Emmett–Teller (BET) method was 
used to determine the specific surface area of the samples in the relative pressure range 
(P/P0) of 0.05–0.35. Photocurrent measurements of the DSSCs were conducted under 
irradiation of a 100 mW cm−2 xenon lamp (Thermo Oriel Xenon Lamp 150W: Model 
66902) with AM1.5G condition. Photocurrent density–voltage curves of DSSCs were 
obtained by using a potentiostat (Autolab PGSTAT30, Eco Chemie B.V., The 
Netherlands). The dye loading was determined by desorbing the dye in 1 mM KOH 
aqueous solution and measuring the UV-Vis absorption spectrum at 500 nm 
(Shimadzu UV-1700). The electrochemical impedance spectra (EIS) were measured in 
the dark at –0.7 V forward bias conditions using an Autolab (PGSTAT30) 
electrochemical workstation in the frequency range of 10-1 to 105 Hz. The thickness of 
ZnO films was examined by a profilometer (Tencor Alpha-step® 
4.3 Results and discussion 
500). 
Figure 4.1 (a) shows the scanning electron microscope (SEM) image of as-spun 
ZnO nanofibers on FTO substrates which demonstrates that uniform ZnO nanofibers 
with smooth surfaces are obtained. After calcination, ZnO nanofibers have rough 
surfaces (Figure 4.1 (b)), which should be beneficial for dye loading.[18] In addition, 
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the ZnO film is smooth and crack-free (the inset of Figure 4.1 (b)), indicating its good 
adhesion to the FTO substrate. The specific surface area of calcined ZnO film is 30.0 
m2 g-1
 
, obtained by the Brunauer–Emmett–Teller (BET) analysis. 
 
Figure 4.1 SEM images of the as-spun (a) and calcined (b) ZnO nanofibers on 
FTO substrates (inset: photograph of calcined ZnO film on FTO substrate) (c) typical 
cross-sectional SEM images of the calcined ZnO film on FTO substrate (d) the 
variation of ZnO film thickness with different eletrospinning time. 
As reported in the literature, during calcination process, due to the difference in 
thermal expansion coefficients between ZnO film and glass substrate, the tensile strain 
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from the substrate affects ZnO film and often results in film cracks and peel off.[19]
Figure 4.1 (d) shows the variation of ZnO film thickness with different 
eletrospinning time. By controlling the electrospinning time, the film thickness could 
be tuned from 0 to 5 μm, which provides convenience for both photoelectrode 
fabrication and understanding the effect of film thickness on DSSC performance. 
 
However, the spontaneous formation of “self-relaxation layer” (Figure 4.1(c)) by 
disintegration of nanofibers that adhere to the FTO substrate forms a buffer layer that 
releases the tensile stress at the interface of the FTO substrate and ZnO nanofibers, 
which prevents the subsequent ZnO nanofibers from cracking or peeling off from the 
substrate.   
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      Figure 4.2 XRD pattern (a) and SAED pattern (b) of the calcined ZnO 
nanofibers.      
The crystal structure of ZnO nanofibers was investigated by X-ray diffraction 
(XRD) analysis (Figure 4.2 (a)). All the peaks are indexed to a wurtzite ZnO phase 
(JCPDS, 89-0511), which correlate well with the diffraction rings in the selected area 
electron diffraction (SAED) pattern (Figure 4.2 (b)). These results indicate that ZnO 
nanofibers with pure wurtzite phase were produced after calcination. 
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Figure 4.3 Typical photocurrent density-voltage curves of DSSCs made of ZnO 
nanofibrous photoelectrodes with a film thickness of 1.5 μm (a), 3.2 μm (b) and 5.0 
μm (c), without Zn(OAc)2 solution treatment; (d) film thickness of 5.0 μm with 
Zn(OAc)2
DSSCs based on ZnO nanofibrous photoelectrodes were fabricated by soaking the 
ZnO films in 0.5 mM N719 solution (Solaronix) dissolved in a 1:1 volume mixture of 
acetonitrile and tert-butanol for 30 min at room temperature in the dark. Pt-sputtered 
FTO glass was used as the counter electrode. The cell area is 0.15 cm
 solution treatment; (d’) same as device d with reduced dye soaking time to 
20 min. 
2. 0.1 M LiI, 0.05 
M I2, 0.5 M 4-tert-butylpyridine and 0.6 M 1-propyl-2,3-dimethyl imidazolium iodide 
dissolved in 3-methoxypropylnitrile was used as an electrolyte solution. The typical 
photocurrent density-voltage curves for these DSSCs under irradiation of AM 1.5G 
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simulated sunlight with a power density of 100 mW cm-2 
From Figure 4.3, it is evident that the energy conversion efficiency (η) is improved 
with increased ZnO film thickness and a maximum energy efficiency of 2.58% is 
observed for device (c) with a film thickness of ~ 5.0 μm. The improved cell 
performance with increased film thickness is mainly attributed to the improvement in 
short circuit photocurrent density (J
are shown in Figure 4.3. 
sc) which can be explained by the larger surface 
area of the ZnO film with increased thickness and thus higher dye loading. The dye 
loading was determined by desorbing the dye in 1 mM KOH aqueous solution and 
measuring the UV-Vis absorption spectrum at 500 nm. The device performance was 
further improved by treating the calcined ZnO film with 0.2 M Zn (OAc)2 aqueous 
solution for 5 min, calcining again at 400 °C for 30 min and then soaking in 0.5 mM 
N719 solution for 30 min, yielding the η of 3.02% for device (d). This efficiency is 
attractive considering the film thickness is only 5 μm and no scattering layer is 
added.[4] For device (d), the dye loading is also increased by 19% as compared to that 
for device (c) under similar experimental conditions, which indicates that there is an 
increase in surface area of the photoelectrode upon Zn(OAc)2
To understand the improved cell performance by Zn(OAc)
 treatment.   
2 treatment, the devices 
with and without Zn(OAc)2 treatment were further investigated by electrochemical 
impedance spectroscopy (EIS).[20] In addition, to minimize the effect of increased dye 
loading on device performance, the device (d’) was fabricated by adjusting the dye 
soaking time to ∼ 20 min to yield a similar dye loading as compared to that of device 
(c).   
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Figure 4.4 Impedance spectra of DSSCs made of ZnO nanofibrous 
photoelectrodes with (open circles) and without (filled circles) Zn (OAc)2
The Nyquist plots (Figure 4.4 (a)) show that the radius of the right semicircle of 
the device (d’) is apparently larger than that of the device (c). This indicates that the 
electron recombination resistance increases after Zn (OAc)
 aqueous 
solution treatment, measured at −0.70 V bias in the dar k. A) Nyquist plots, b) Bode 
phase plots. 
2 solution 
treatment.[20] From Bode phase plots (Figure 4.4 (b)), the frequency of the peak in the 
middle-frequency region (fmid) is 37.4 Hz for device (c) and 7.55 Hz for device (d’). 
Using the equation of τe = 1/2πfmid,[21] the electron lifetime (τe) values are calculated 
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to be 4.3 and 21 ms for devices (c) and (d’), respectively. The longer electron lifetime 
for device (d’) indicates more effective suppression of the back reaction between 
photoelectrons in the conduction band of ZnO and I3- in the electrolyte,[22,23]
4.4 Conclusions 
 which is 
reflected in the improvement of photocurrent and energy conversion efficiency in 
device (d’). Considering the similar dye loading for devices (c) and (d’) (Figure 4.3), 
the improved performance for device (d’) is thus mainly attributed to the more 
effective suppression of the back reaction for device (d’) relative to that for device (c). 
In summary, we present a facile method to prepare nanofibrous ZnO 
photoelectrodes with tunable thicknesses and good adhesion to FTO substrate. The best 
device has an energy conversion efficiency of 3.02% with Zn (OAc)2 treatment, which 
is greatly improved as compared to the previous report.[17]
4.5 References 
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CHAPTER 5 
A TRIPHENYLAMINE BASED CONJUGATED POLYMER 
WITH DONOR-π-ACCEPTOR ARCHITECTURE AS ORGANIC 
SENSITIZER FOR DYE SENSITIZED SOLAR CELLS 
5.1 Introduction 
Dye sensitized solar cells (DSSCs) have attracted intense research interest due 
to their low cost fabrication and high energy conversion efficiencies.[1,2] However, 
for the entry of DSSCs into real market, both long-term stability and efficiency 
should be further improved. In this regard, ionic liquid[3,4] and 
gel-electrolytes[5-8] are widely employed to overcome the leakage and sealing 
problems of conventional liquid electrolytes. In addition, new dye sensitizers are 
developed to increase the energy conversion efficiency of DSSCs. The most widely 
used dyes are ruthenium complexes, which involve a rare metal with a low annual 
yield. Great efforts have been devoted to replacing ruthenium complexes with small 
organic dye molecules.[9,10]
The application of conjugated polymers as dye sensitizers in DSSCs has been 
reported recently.
 The advantages of sufficiently large absorption 
coefficient, tunable energy levels and easy deposition on various substrates make 
conjugated polymers (CPs) promising candidates as organic sensitizers in DSSCs.  
[11-17] Poly(3-thiophenylene acetic acid) was used as the dye 
sensitizer for DSSCs with efficiencies varying from 0.4% to 2.4%.[13-15] The 
combination of carboxylated poly(p-phenylene ethynylene) and polythiophene as 
the dye sensitizer yielded DSSCs with a power conversion efficiency of 0.89%.[16] 
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Recently, we developed anionic benzothiadiazole-containing polyfluorenes with 
dual absorption peaks and demonstrated their applications in DSSCs with an 
efficiency of 1.39%.[17]
Efficient photo-induced charge transfer and well matched energy levels among 
the polymer and other components in DSSCs are essential requirements to produce 
efficient energy conversion efficiencies.
 Up to now, the efficiencies of polymer dye based DSSCs 
remain low, and great opportunities arise to improve the device performance 
through polymer design and device fabrication.  
[13] Recent studies of donor (D)-π 
(bridge)-acceptor (A) chromophores revealed the intramolecular charge transfer 
characters of these molecules in the excited state.[18-21] This property is essential for 
dye sensitizers in DSSCs, since the light induced intramolecular electron transfer 
could easily occur from the electron donor to the electron acceptor through the 
π-bridge, which favors photocurrent generation.[22] In addition, both modeling and 
experimental results have shown that anchoring units, such as carboxylic groups, 
are necessary for efficient dye adsorption on the surface of TiO2 to favor charge 
injection.[13-15]
In this chapter, we report for the first time a conjugated polymer (CP) sensitizer 
containing an electron donating backbone (triphenylamine) and an electron 
accepting side chain (cyanoacetic acid) with conjugated thiophene units as the 
linkers. DSSC with an energy conversion efficiency of 3.39% is obtained using 
such novel CP sensitizer, which represents the highest efficiency for polymer dye 
sensitized DSSC.  
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5.2 Experimental section 
Synthesis of polymer dye 
M ater ials All chemical reagents were purchased from Sigma-Aldrich Chemical 




[24] and  (2-thienylmethyl)triphenylphosphonium chloride[25]
N,N’-Bis-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)aniline (1) A 
solution of N,N’-bis(4-bromophenyl)aniline (1.20 g, 2.98 mmol) was dissolved in 
anhydrous THF (40 mL) and cooled to –78 
 were synthesized 
according to the literatures. All reactions were carried out under nitrogen protection. 
oC. BuLi (4.70 mL, 7.50 mmol) was added 
slowly. The mixture was slowly warmed to room temperature and stirred for 1 h. After 
the mixture was cooled to –78 o
borolane (1.80 mL, 9.00 mmol) was injected. The reaction mixture was warmed to 
room temperature and stirred overnight. Water was added to quench the reaction. The 
mixture was extracted with CH
C again, 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxa- 
2Cl2. After the solvent was removed under reduced 
pressure, the crude product was purified over silica gel using 1:1 hexane/CH2Cl2 as 
the eluent to yield 1 as a white solid (0.51 g, 34 %). 1H NMR (300 MHz, CDCl3) δ 
7.68 (d, J = 8.34 Hz, 4H), 7.27 (t, J = 7.85 Hz, 2H), 7.12–7.05 (m, 7H), 1.34 (s, 
24H); 13C NMR (75 MHz, CDCl3) δ 150.11, 147.02, 135.86, 129.35, 125.58, 124.96, 
123.87, 122.71, 83.60, 24.84. Anal. Calcd C30H37B2NO4
4-Bromo-N-(4-bromophenyl)-N-(4-(2-(thiophen-2-yl)vinyl)phenyl)aniline (2) To a 
: C, 72.46; H, 7.50; N, 2.82; 
Found: C, 72.65; H, 7.59; N, 2.84. 
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mixture of (2-thienylmethyl)triphenylphosphonium chloride (1.43 g, 3.48 mmol) in 
anhydrous THF (10 mL), potassium tert-butoxide (1M in THF, 4.2 mL) was added 
dropwise at room temperature. After the brown suspension was stirred for 10 mins, 
4-(bis(4-bromophenyl)amino)benzaldehyde (1.00 g, 2.32 mmol) was added. The 
mixture was stirred overnight at room temperature. Water was added to quench the 
reaction. The mixture was extracted with CH2Cl2. After the solvent was removed 
under reduced pressure, the crude product was purified over silica gel using CH2Cl2
5-(4-(Bis(4-bromophenyl)amino)styryl)thiophene-2-carbaldehyde (3) To an 
ice-cooled anhydrous DMF (2 mL), POCl
 as 
the eluent to yield a yellow solid (0.90 g), which was used without further purification. 
3 (0.24 mL, 2.50 mmol) was added slowly 
under N2. A solution of 4-bromo-N-(4-bromophenyl)-N-(4-(2-(thiophen-2-yl) 
vinyl)phenyl)aniline (0.51 g, 1 mmol) in anhydrous DMF (10 mL) was added dropwise. 
The mixture was stirred at 80 oC for 6 h. Water was added to quench the reaction. The 
mixture was extracted with CH2Cl2. After the solvent was removed, the crude product 
was purified over silica gel using 6:1 hexane/ethyl acetate as the eluent, which was 
followed by recrystallization from hexane to yield 3 as a brown solid (0.35 g, 
65 %). 1H NMR (300 MHz, CDCl3) δ 9.85 (s, 1H), 7.65 (d, J = 3.84 Hz, 1H), 7.38 (d, 
J = 8.70 Hz, 6H), 7.13–6.95 (m, 9H); 13C NMR (75 MHz, CDCl3) δ 182.51, 147.42, 
145.94, 137.30, 132.56, 132.17, 130.65, 129.55, 128.09, 126.20, 126.08, 125.06, 
123.44, 119.55, 116.36. Anal. Calcd C25H17Br2
P1 A solution containing 1 (0.092 g, 0.185 mmol) and 3 (0.10 g, 0.185 mmol) in 
NOS: C, 55.68; H, 3.18; N, 2.60; 
Found: C, 55.82; H, 3.22; N, 2.57. 
                                                               
Chapter 5  
 77 
distilled THF (5 mL) was purged with argon for 15 mins. Pd(PPh3)4 (0.011 g) was 
added and purged with argon for another 15 mins. A solution of K2CO3 (1 mL, 2 M in 
water) previously bubbled with argon, was then added into the reaction mixture and 
purged for 15 mins. The reaction was heated to 85 oC and stirred in dark for 24 h under 
argon. After the reaction was cooled down, the solvent was removed under reduced 
pressure. The residue was dissolved in CH2Cl2, washed with water, and precipitated 
from methanol to yield P1 as an orange solid (0.090 g, 78 %). 1H NMR (300 MHz, 
CDCl3) δ 9.84 (s, 1H), 7.65-7.10 (m, 29 H); 13C NMR (300 MHz, CDCl3) δ 118.46, 
153.11, 147.47, 146.76, 145.90, 140.99, 137.38, 132.42, 129.34, 128.74, 127.97, 
127.82, 128.41, 126.65, 126.04, 125.03, 124.59, 124.20, 123.22, 123.04. Anal. Calcd 
(C43H32N2OS)n
P2 A mixture of P1 (0.050 g, 0.10 mmol in repeat unit (RU)) and cyanoacetic acid 
(0.017 g, 0.20 mmol) in acetonitrile (2 mL) and CHCl
: C, 82.66; H, 5.16; N, 4.48; Found: C, 81.92; H, 5.26; N, 4.18.  
3 (10 mL) was refluxed 
overnight in the presence of piperidine (0.5 mL) under argon. After the solvent was 
removed, the residue was dissolved in DMF and precipitated from diethyl ether to 
yield P2 as a dark red solid (0.052 g, 82 %). 1H NMR (300 MHz, d6-DMSO) δ 
8.00-7.93 (m, 1H), 7.61-7.08 (m, 30H). Anal. Calcd (C46H31N3O2S)n
Characterization of polymer dye  
: C, 80.09; H, 
4.53; N, 6.09; Found: C, 80.49; H, 4.50; N, 6.28. 
The NMR spectra were collected on a Bruker DPX 300 or DPX 500 spectrometer 
with d-chloroform and/or d6-DMSO as the solvent. Elemental analysis was carried out 
by the Chemical Molecular and Materials Analysis Centre (CMMAC) of the National 
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University of Singapore. GPC analysis was conducted with a Waters 2690 liquid 
chromatography system equipped with Waters 996 photodiode detector and Phenogel 
GPC columns, using polystyrenes as the standard and THF as the eluent at a flow rate 
of 1.0 mL min-1 at 35 °C. The UV-Vis absorption spectra were recorded on a 
SHIMAZU UV-Vis 1770 spectrometer. The cyclic voltammetry was conducted in dry 
DMF (refluxed with CaH2) with 0.1 M tetrabutylammonium hexafluorophosphate 
(TBAPF6) as the electrolyte at a scan rate of 0.1 V s-1. A glassy carbon was used as the 
working electrode, and a Pt wire was used as the counter electrode, with Ag/AgNO3
Fabrication of DSSCs 
 as 
the reference electrode. The potential was calibrated with ferrocene. 
Nanostructured TiO2 were fabricated on fluorine doped SnO2/glass (FTO glass, 
15 ohm, Asahi). The photoelectrodes of DSSCs were obtained by doctor-blading the 
commercial TiO2 paste (Ti-nanoxide T/SP, Solaronix). The TiO2 layer was dried at 
80 °C in the air and then sintered at 450 °C for 30 min, which was followed by further 
treatment with an aqueous solution of TiCl4 (20 mM) at 70 °C for 30 min and sintering 
again at 450 °C for 30 min. The thickness of the TiO2 film is ~ 11 μm. TiO2 electrodes 
were immersed into P2 solution (1.0 mM in DMF, based on repeat unit (RU)) at 50 °C 
for 48 h and then rinsed with DMF to remove non-anchored polymer, which was 
followed by drying under nitrogen. The counter electrode was FTO glass with a 
sputtered platinum layer. The Pt counter electrode and the polymer anchored TiO2 
electrode were assembled. Different electrolytes were applied to the cells before they 
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were sealed using a sealing material (SX1170-25, Solaronix). The typical active area 
of the cell is ~ 0.28 cm2
Characterization of DSSCs  
 controlled by a metal mask. 
Photocurrent measurements of the assembled DSSCs were conducted under 
irradiation of a 100 mW cm−2
5.3 Results and discussion 
 xenon lamp (Thermo Oriel Xenon Lamp 150W: Model 
66902) with AM1.5G condition. Photocurrent density–voltage curves of DSSCs were 
obtained by using a potentiostat (Autolab PGSTAT30, Eco Chemie B.V., The 
Netherlands). Incident photon-to-electron conversion efficiency (IPCE) was measured 
using a 200 W Xe lamp light source with a motorized monochromator (Oriel).  
As shown in Scheme 5.1, the synthesis of P2 involves four typical reactions 
with moderate yields. The thiophene moiety was coupled to 
4-(bis(4-bromophenyl)amino)benzaldehyde through the Wittig reaction to afford 2 
in 75 % yield. This was followed by a Vilsmeier reaction between 2 and POCl3 to 
afford 5-(4-(bis(4-bromophenyl)amino)styryl)thiophene-2-carbaldehyde 3 in 65% 
yield. The Suzuki polymerization between 3 and N,N’-bis(4-(4,4,5,5-tetramethyl 
-1,3,2-dioxaborolan-2-yl)phenyl)aniline 1, which was synthesized from 
N,N’-bis(4-bromophenyl)aniline and 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2 
–dioxaborolane, yielded P1 in 78% yield. P1 was then treated with cyanoacetic acid 
through Knoevenagel condensation to yield the target polymer P2 in 72% yield. 
The 1H NMR of P2 has shown that the polymer has about 90% Z-isomer in the side 
chain. P1 has a number-average molecular weight of 5,000 with a polydispersity of 
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1.8, which corresponds to ∼10 triphenylamine units on the polymer backbone. 
The 1
 
H NMR spectra showed the disappearance of –CHO proton (δ 9.84) in P1 with 
the occurrence of –CH=C(CN)(COOH) proton (δ 7.96) in P2 after cyanoacetic acid 
treatment, indicating that the conversion yield of CHO (aldehyde) in P1 to 
CH=C(CN)(COOH) in P2 is ~ 100%. The correct structures of P1 and P2 were also 













                            








Figure 5.1 Absorption spectra of P2 in DMF solution (a), film on glass (b) and the 
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The absorption spectrum of P2 in DMF solution at [RU] = 10-5 M is shown in 
Figure 5.1. Two distinct absorption peaks at 371 and 444 nm are observed. The 
extinction coefficients are calculated from the absorption spectrum to be 4.9×104 
and 3.6×104 M-1 cm-1
    
 at 371 and 444 nm, respectively. These two high molar 
extinction coefficient absorption bands are in favor of light-harvesting and 
consequently photocurrent generation in DSSCs. The absorption of P2 film on glass 
shows a slight red-shift (9 nm) as compared to that in solution, indicating that there 
is no significant change in P2 conformation between the solution and solid state. 





















Figure 5.2 Cyclic voltammetry of P2 in DMF. [RU] = 1 mM, measured at a scan 
rate of 0.1 V s-1
The electrochemical property of P2 was studied using cyclic voltammetry in 
DMF as shown in Figure 5.2. The oxidation potential (E
. 
ox) was measured to be 
1.14 V vs normal hydrogen electrode (NHE) (0.51 V vs Fc+/Fc). From the onset 
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absorption spectrum (576 nm), the energy gap (E0-0) was determined to be 2.15 eV. 
The excited state oxidation potential (E*ox corresponding to LUMO) was calculated 
from the energy gap (E0-0) by E*ox = Eox−E0-0 to be −1.01 V vs NHE. This potential 
is well above the conduction band level of TiO2 at approximately −0.5 V vs 
NHE.[26] Therefore, electron injection from the single excited state (LUMO) of P2 
into the conduction band of TiO2 is energetically feasible. In addition, the oxidation 
potential of P2 is sufficiently more positive than the redox potential of the I-/I3- 
couple (0.535 V vs NHE). Therefore, the photo-oxidized polymer dye could be 











Figure 5.3  Photocurrent density-voltage curves of photovoltaic devices 
sensitized by P2 under different conditions: (a) [RU] = 1.0 mM, 0.1 M LiI, 0.03 M 
iodine, and 1.2 M DMPII in PC; (b) [RU] = 1.0 mM, 0.1 M LiI, 0.03 M iodine, 1.2 M 




 based solar cell devices were fabricated on fluorine doped 
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SnO2/glass. The thickness of TiO2 film is ~ 11 μm and the active area of the cell is 
~ 0.28 cm2. The photovoltaic performance was measured at 100 mW cm−2 under 
AM 1.5G conditions. The photocurrent density-voltage (J-V) curves for devices (a) 
and (b) sensitized by P2 are shown in Figure 5.3. Both devices were fabricated 
under identical conditions. The electrolyte solution was consisted of 0.1 M LiI, 0.03 
M iodine, 1.2 M 1-propyl-2,3-dimethyl imidazolium iodide (DMPII) in propylene 
carbonate (PC) for device (a), while additional 0.5 M 4-tert-butylpyridine (tBP) 
was added to the electrolyte for device (b). Device (a) had a short circuit 
photocurrent density (Jsc) of 8.74 mA cm-2, an open circuit photovoltage (Voc) of 
0.656 V, a fill factor (FF) of 0.472, and an energy conversion efficiency (η) of 
2.71%. Improved device performance was observed for device (b), which showed a 
Jsc of 9.20 mA cm-2, a Voc of 0.717 V, and a FF of 0.514, yielding a η of 3.39%. 
This observation is similar to the previous report where the effect of tBP on device 
performance was attributed to the negative shift in the conduction band of TiO2 
electrode and the suppression of charge recombination in the presence of tBP.[27,28]
The incident photon-to-electron conversion efficiency (IPCE) spectrum of 
device b (curve c in Figure 5.1) is mainly in the 400–550 nm region and the peak 
value of ∼45% at 467 nm correlates with the P2 absorption band centered at 444 nm, 
indicating that photocurrent is generated by electron injection from the excited 





In conclusion, we have demonstrated a new polymer dye as a low-cost and 
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efficient organic sensitizer in DSSCs. The D-π-A structure favors charge separation 
in the excited states, which is beneficial to electron injection to the TiO2
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CHAPTER 6 
HIGH PERFORMANCE SOLID-STATE ORGANIC DYE 
SENSITIZED SOLAR CELLS WITH P3HT AS HOLE 
TRANSPORTING MATERIAL  
6.1 Introduction 
Solid-state dye-sensitized solar cells (SDSCs) have attracted increasing attention 
in the past decade because they intrinsically avoid the leakage and corrosion problems 
of conventional liquid-electrolyte dye-sensitized solar cells.[1,2] In particular, SDSCs 
employing both nanoporous TiO2 film and organic hole transporter are of great 
importance because they combine the advantages of inorganic semiconductors such as 
mechanical and chemical stability with the unique properties of organic hole 
transporting material such as easy film formation and tunable functionality by 
molecular design.[3] 
spiro-bifluorene (spiro-OMeTAD) as the hole transporting material (HTM).
So far, great efforts have been made on the development of SDSCs 
using organic small molecule 2,2’,7,7’-tetrakis-(N,N-di-4-methoxyphenylamino)- 9,9’- 
[4] By 
optimizing device configuration and fabrication process, the highest efficiency over 
6% has been obtained.[5] Recently, these devices have also been reported to show 
reasonably good stability,[6,7]
The small size and amorphous nature make spiro-OMeTAD the most favorable 
organic HTM for SDSCs. However, the low hole mobility
 which demonstrate great potential of developing SDSCs 
with organic HTMs.  
[8] (~ 10-4 cm2 V-1 s-1) and the 
high fabrication cost for spiro-OMeTAD based SDSCs[9] motivate different research 
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groups to search for alternative HTMs. Conjugated polymers have been subsequently 
investigated due to their low-cost, high conductivity and tunable optoelectronic 
properties.[10-15] Poly(3-hexylthiophene) (P3HT) is an outstanding representative of 
this family. It possesses high hole mobility of up to 0.1 cm2 V-1 s-1, which is several 
orders of magnitude higher than that for spiro-OMeTAD.[8] 
Initial reports of SDSCs with P3HT as HTM gave rather poor efficiency (η < 1%) 
due to the inefficacy of sensitizer and poor pore filling of P3HT into mesoporous TiO
In addition, P3HT has 
good solubility in various organic solvents, which allows solution processing of the 
polymer for large scale SDSCs. More importantly, P3HT has a much lower fabrication 
cost than spiro-OMeTAD (Table 6.2). These distinctive features make P3HT a 
promising HTM for SDSCs.  
2 
film.[16-18] With the continuous efforts from several research groups, the performance 
of P3HT-based SDSCs has been improved steadily.[19-21] Our previous study has 
shown that interfacial engineering of TiO2-D102/P3HT via lithium salt and 
4-tert-butylpyridine (tBP) treatment can significantly improve the device efficiency 
from 0.04% to 2.63%.[19] Meanwhile, quasi-solid state TiO2/HRS-1 dye/P3HT devices 
containing ionic liquid and additives was also reported with a similar efficiency.[20] A 
more encouraging progress was recently made by Grime et al., who developed a highly 
efficient SDSC (3.2% efficiency under UV filtered AM 1.5, 90 mW cm-2 illumination) 
based on TiO2 nanotube arrays modified with organic SQ-1 dye and P3HT as the 
HTM.[21] Although great efforts have been made to improve the device efficiency of 
P3HT-based SDSC, the charge transport and recombination kinetics in these devices is 
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rarely studied. This is partially due to the significant overlap between the absorption of 
these dyes (D102, HRS-1 and SQ-1) and that of P3HT, which makes it difficult to 
separate the contribution of P3HT and dye sensitizer to photocurrent generation.
As one of the most famous organic dye family, indoline dyes (e.g. D102, D131, 
D149, and D205) have shown significantly high molar extinction coefficient,
[19-21] 
[22-24] 
which facilitates light absorption in thin TiO2 films (~ 1–2 μm) for SDSCs. In addition, 
recent studies revealed fast lateral hole percolation through indoline dyes, which is 
beneficial to hole collection in SDSCs.[25] Among the four indoline dyes, the 
absorption of D131 has the minimum spectral overlap with that of P3HT,[22,26]
In this chapter, we report the fabrication and mechanism study of P3HT based 
SDSCs with D131 as the sensitizer. We find that D131 is a good model sensitizer for 
highly efficient SDSCs and P3HT has very little contribution to the photocurrent. The 
simplified system allows us to study and interpret various kinetic parameters, such as 
the electron transport in mesoporous TiO
 which 
makes it a potential model sensitizer for mechanism study of P3HT-based SDSCs.  
2 film, hole-transport in excited P3HT layer 
as well as the charge recombination at TiO2
6.2 Experimental section 
-D131/P3HT interface via impedance 
spectroscopy. A thorough understanding of the charge transport and recombination 
kinetics in these devices is of high importance to guide the further improvement of 
device performance. 
Device Fabrication and Characterization 
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In a typical device preparation process, the fluorine-doped SnO2 (FTO, TEC-15, 
Hartford Glass Co., USA, 15 Ω/square, 15 mm×15 mm) substrates were partially 
etched (7 mm×15 mm) with Zn powder and HCl (4 M) to form the desired electrode 
pattern  (8 mm×15 mm). The patterned substrates were ultrasonically cleaned with 
detergent, deionized water, acetone and 2-propanol. A compact TiO2 film was then 
deposited onto FTO substrate by magnetron sputtering in O2 atmosphere. This is 
followed by spin-coating of a dilute TiO2 paste (Ti-Nanoxide HT/SP, from Solaronix) 
with 2-methoxyethanol. The thickness of mesoporous TiO2 films was adjusted by 
controlling the spin-coating speed. Samples were then sintered at 450 ºC for 30 min to 
obtain the TiO2 films. After cooling, the films were soaked in TiCl4 aqueous solution 
(20 mM) for 30 min at 70 ºC. After rinsing with deionized water and ethanol, the films 
were then sintered again at 450 ºC for 15 min with subsequent cooling to 80 ºC and 
placed in commercial D131 (Mitsubishi Paper Mills Limited, Japan) dye solution (0.3 
mM in acetonitrile/tert-butanol (1:1 V/V)) overnight. After the dye loading, the films 
were rinsed with ethanol and dried in N2 flow. The D131 sensitized TiO2 samples 
were then immersed into an acetonitrile solution containing Li(CF3SO2)2N (Aldrich, 6 
mg mL−1) and 4-tert-butylpyridine (tBP, 30 mg mL−1, Aldrich) for 5 min and dried in 
air flow. After the Li salt and tBP treatment, P3HT (Rieke Met. Inc.) in chlorobenzene 
(15 mg mL−1) was spin-coated onto the D131 sensitized TiO2 films (600 rpm for 12 s, 
which is followed by 3000 rpm for 40 s). The films were then transferred into the high 
vacuum chamber (3×10−4 Pa). Ag (80 nm) were subsequently deposited onto the P3HT 
layer as the back electrode. The device area of 0.10 cm2 was controlled by a metal 
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mask. The photocurrent-photovoltage measurements of the SDSCs were recorded by a 
Keithley 2400 source meter. A solar simulator (XES-151S, San-EI Electric) was used 
as the light source for measuring the solar cells (< 385nm was cut off by XUL0385 
filter, Asahi Spectra). The incident light intensity of 100 mW cm−2 was calibrated 
using a reference cell (OptoPolymer, ISE CalLab) before each experiment. Incident 
photon-to-electron conversion efficiency (IPCE) was measured using a 300 W xenon 
light source (MAX-310, Asahi Spectra) and a monochromator (TMS300, Bentham). 
The standard silicon cell for IPCE measurement was calibrated by Bentham 
Instruments Ltd.. The illuminated electrochemical impedance spectra were measured 
using an Autolab potentiostat/galvanostat in the frequency range of 10-1 to 105 Hz. 
Illumination was provided by royal blue (λ = 440 nm, 20 nm full-width at 
half-maximum (fwhm)) high-power light emitting diode (Luxeon) and adjusted by an 
auto-wheel system controlled by the NewStep Motion Control System. All the 
measurements were performed in ambient conditions. The experimental impedance 
data were fitted to an appropriate equivalent circuit using Z-View software. The 
thickness of nanoporous TiO2 films was examined by a profilometer (Tencor 
Alpha-step® 
Absorption and transmittance spectra measurement 
500). 
UV absorption spectra were recorded on a Shimadzu UV-1700 spectrometer. All 
the TiO2 films were prepared on FTO substrates with a thickness of ~ 1 μm. To ensure 
that the TiO2 films are identical, all samples were prepared with a fixed procedure: the 
TiO2 paste was spin-coated on FTO substrates at 2000 rpm to obtain uniform films, 
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which were then sintered at 450 °C for 30 min. The obtained TiO2 film was either 
sensitized by D131, or infiltrated by spincoated P3HT film, which was then treated 
with an acetonitrile solution containing Li(CF3SO2)2N (6 mg mL-1) and 
4-tert-butylpyridine (tBP, 30 mg mL-1) for 5 min, and dried in air flow. To eliminate 
the absorption or light scattering arising from TiO2 film, a blank TiO2 film with a 
thickness of ~ 1 μm was used as the reference. The absorption bandgap (Eg) was 
calculated from λonset of the corresponding absorption spectrum: Eg = 1240/λonset (eV). 
For the transmittance spectra measurement, the P3HT overlayer on TiO2
Cyclic Voltammetry 
 film was 
removed by rinsing with toluene. 
Cyclic voltammetry (CV) measurements were performed with a CHI 600B 
electrochemical work station. The samples used for analysis were the same as those for 
UV-vis measurements. Tetrabutylammonium hexafluorophosphate (TBAPF6, 0.1 M) 
in acetonitrile was used as the supporting electrolyte. FTO substrate, nonaqueous 
Ag/AgNO3 electrode and platinum wire were used as the working, reference and 
counter electrodes, respectively. The scan rate was 0.1 V s-1 for all scans. 
Ferrocene/ferrocenium (Fc/Fc+) couple was used as the internal reference and all the 
potentials were calibrated with Fc/Fc+. The highest occupied molecular orbital 
(HOMO) energy level is calculated based on the following equation: EHOMO = −4.80 − 
Eox (onset potential vs. Fc/Fc+) (eV). The lowest unoccupied molecular orbital (LUMO) 
energy level is estimated by the equation: ELUMO = EHOMO+Eg
6.3 Results and discussion 
. 
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The chemical structure of D131 is shown in Figure 6.1a, and the device 
configuration is shown in Figure 6.1b. To fabricate the devices, a compact TiO2 layer 
(c-TiO2 layer) was firstly deposited on fluorine-doped SnO2 (FTO) glass substrate as a 
blocking layer. As the property of blocking layer was reported to show significant 
influence on the overall device performance,[27] all the c-TiO2 layers were prepared by 
magnetron sputtering in one batch to ensure the film quality. Mesoporous TiO2 film 
was subsequently deposited on the c-TiO2 layer, which was followed by D131 
adsorption. An acetonitrile solution containing Li(CF3SO2)2N and 4-tert-butylpyridine 
(tBP) was then used to treat the D131 anchored TiO2 film.[19] After spin-coating of 
P3HT on the D131 sensitized TiO2 film, Ag (80 nm) was deposited as the cathode to 
finish the cell assembly.  
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Figure 6.1 (a) The chemical structure of D131. (b) The configuration of a typical 
device employing nanoporous TiO2 film as the photoelectrode, D131 as the sensitizer 
and P3HT as the HTM.  
 
Figure 6.2 Cyclic voltammetry (CV) measurement of D131 (a) and P3HT (b) on 
TiO2 film, after Li salt and tBP treatment. 0.1 M TBAPF6 in acetonitrile was used as 
supporting electrolyte. FTO substrate, nonaqueous Ag/AgNO3 electrode and platinum 
wire were used as the working, reference and counter electrodes, respectively. The 
scan rate was 0.1 V s-1 for all scans. Ferrocene/ferrocinium (Fc/Fc+) couple was used 
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as the internal reference.  
The energy levels of D131 and P3HT on TiO2 after Li(CF3SO2)2N and tBP 
treatment were determined by cyclic voltammetry (CV) and UV-visible 
spectroscopy.[19] According to the CV curves shown in Figure 6.2, the oxidation onset 
potentials (Eonset(ox)) for D131 and P3HT are 0.44 and 0.30 V (vs. Fc+/Fc), 
corresponding to the HOMO energy levels of −5.24 and −5.10 eV, respectively. 
Meanwhile, the absorption onset wavelengths (λonset) for D131 and P3HT (Figure 6.3) 
are 530 and 645 nm, corresponding to optical bandgaps (Eg) of 2.34 and 1.92 eV, 
respectively. The lowest unoccupied molecular orbital (LUMO) energy levels for 
D131 and P3HT are thus calculated to be −2.90 and −3.18 eV, respectively.  
 
Figure 6.3 Normalized UV-vis spectra of D131 and P3HT on TiO2 film after 
Li 
The energy band diagram of each component of the device is shown in Figure 6.4. 
The LUMO level of D131 (–2.90 eV) is well above the conduction band edge of TiO
salt and tBP treatment. 
2 
(~ –4.00 eV).[28] Therefore, electron injection from the LUMO of D131 into the 
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conduction band of TiO2 is energetically favorable. Meanwhile, the HOMO level of 
D131 (–5.24 eV) is lower than that of P3HT (–5.10 eV), ensuring hole transport from 
D131 to P3HT.  
 
Figure 6.4 Energy band diagram of each component in the device. 
Figure 6.5a shows the photocurrent density-voltage curve of an optimized 
P3HT-based SDSC, which was measured under AM1.5G 100 mW cm−2 illumination. 
The detailed TiO2 film thickness optimization is shown in Table 6.1. At the optimized 
film thickness of ~ 1.0 μm, a short circuit photocurrent density (Jsc) of 6.296 mA cm-2, 
an open circuit photovoltage (Voc) of 1.026 V and a fill factor (FF) of 0.60 were 
obtained, yielding an energy conversion efficiency (η) of 3.85%. This represents one 
of the most efficient SDSCs employing polymeric HTM and is comparable to some 
sprio-OMeTAD based SDSCs using organic sensitizers.[29−32] The device stability was 
also evaluated by retesting the same device after being stored in a glove-box for ~ 3 
months, which gave a Jsc of 6.290 mA cm-2, a Voc of 1.011 V, a FF of 0.57 and an η of 
3.60%. This corresponds to ~ 94% of its initial efficiency, which demonstrates good 
stability of the fabricated devices.  
                                                               




Figure 6.5 (a) Photocurrent density-photovoltage curve of an optimized 
P3HT-based SDSC using D131 as sensitizer. Measured under AM1.5G conditions, 100 
mW cm−2
Table 6.1: The performance of D131 sensitized SDSCs using P3HT as HTM with 
different TiO
. (b) IPCE spectrum of the SDSC. 
2 layer thickness under 100 mW cm-2
Thickness (µm) 
 AM1.5G illumination.  
 Jsc (mA/cm2 V) oc FF  (V) η (%) 
1.3 5.317 1.018 0.56 3.03 
1.2 5.578 1.020 0.57 3.22 
1.0 6.296 1.026 0.60 3.85 
0.9 5.878 1.040 0.55 3.35 
0.8 5.324 1.041 0.58 3.19 
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Figure 6.5b shows the typical incident photon-to-electron conversion efficiency 
(IPCE) spectrum for a freshly prepared device. The maximum IPCE value of ~ 80% 
was obtained at ~ 410 nm, which is consistent with the absorption maximum (~ 418 
nm) of D131 sensitized TiO2
To obtain deep insight into possible contribution of P3HT absorption to the 
photocurrent, the competing light absorption of D131 and P3HT infiltrated into the 
TiO
 film (Figure 6.3). Although the P3HT film has strong 
absorption in the range of 525 ~ 610 nm (Figure 6.3), the IPCE value is almost zero 
after 550 nm, which clearly indicates that P3HT layer has no significant contribution to 
the photocurrent.  
2 film (~ 1.0 μm) was further studied by transmittance spectra.[15] The P3HT 
overlayer on TiO2 film was removed with toluene following the literature 
reports.[33,34] To eliminate the absorption or light scattering arising from TiO2 film, a 
blank TiO2 film with a thickness of ~ 1.0 μm was used as the reference for 
measurements. As shown in Figure 6.6, the transmittance of P3HT film increases with 
the rinsing time from 10 to 40 mins. The transmittance of P3HT does not change upon 
further treatment, indicating the P3HT overlayer on TiO2 film has been completely 
removed.[33,34] At the wavelength for the maximum IPCE value (410 nm), the 
transmittance of D131 and P3HT is 0.73% and 67.9%, respectively. By the 
Beer–Lambert law, Log (1/T) = αd,[35] where T is the transmittance, α is the absorption 
coefficients, d is the TiO2 film thickness (~ 1.0 μm) , αD131 and αP3HT are calculated to 
be 2.14 μm-1 and 0.168 μm-1, respectively. Consequently, the relative contribution of 
P3HT infiltrated in a ~ 1.0 μm TiO2 film to the light absorption is 7.3%. The relatively 
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poor competing light absorption of P3HT as compared to that for D131 in a thin TiO2 
film further justified the IPCE result that P3HT has no significant contribution to 
photocurrent. This result greatly simplifies the analysis of charge transport and 
recombination kinetics in a solid state TiO2-D131/P3HT system. 
 
Figure 6.6 Transmittance spectra of D131 on TiO2 film, and P3HT on TiO2
Impedance spectroscopy is an effective tool to investigate charge transport and 
recombination kinetics in dye sensitized solar cells.
 film 
before and after rinsing with toluene for 10 ~ 50 mins at an interval of 10 mins for each 
curve. 
[36] Information of electron lifetime, 
effective diffusion length and hole transport resistance, etc. could be extracted by 
fitting the spectra obtained under different electrical bias. In this study, the impedance 
spectra of a typical SDSC were measured at open circuit under different illumination 
conditions, where no net current flowed through the cell and the quasi-Fermi levels of 
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both mesoscopic TiO2 electrode (EFn) and P3HT (EFp) were constant across the film. 
The result is shown in Figure 6.7. As P3HT has almost no contribution to photocurrent, 
the same equivalent circuit proposed by Fabregat et al. was used to fit the kinetic 
parameters.[36]  
 
Figure 6.7 Nyquist plot of the device under open circuit state at a photon flux of 
8.8×1015 s-1 cm-2
The fitted recombination (R
. The inset shows the equivalent circuit used for fitting. 
ct), electron transport (Rt) and hole transport 
impedances (Rh) are plotted against open circuit photovoltage as shown in Figure 
6.8a.[37] The value of Rct is much larger than that of Rt, which indicates efficient charge 
collection. Similar to its liquid junction counterpart, both recombination and electron 
transport impedances in TiO2 exponentially decrease with light bias. However, the 
change of Rt is greatly deviated from the one predicated by multi-trapping model,[38] 
plausibly indicating a conduction band unpinning at high injection condition. Unlike 
the common exponential dependence of electron transport (Rt) on photon flux, hole 
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conductivity in P3HT (Rh) was observed to increase with irradiance and saturated 
when photon flux was relatively high. The value of Rh is constantly (one order of 
magnitude) higher than Rt, which accounts for the major internal IR drop and explains 
the relatively poor fill factor for these devices.  
 
Figure 6.8 (a) Impedance of recombination (Rct), electron transport (Rt) and hole 
transport (Rh) as a function of bias. (b) Chemical capacitance (Cμ), electron diffusion 
coefficient (Dn) and effective diffusion length (Ln) as a function of conductivity.  
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To obtain the dependence of the parameters on the quasi-Fermi level of TiO2, 
chemical capacitance (Cμ) and electron diffusion coefficient (Dn) were plotted against 
electronic conductivity (σ) of the film. Dn
 







                                                   (1)                                                        
 
As shown in Figure 6.8b, the obtained Dn is 10-7–10-6 cm2 s-1, which is much 
smaller as compared to that (~ 10-4 cm2 s-1 at around maximum power point) for 
efficient cells using liquid electrolyte.[38] This could be understood as a result of the 
conduction band edge unpinning upon illumination which slows down electron 
transport and distorts the dependence of Dn on bias. In addition, it has been arguably 
accepted that electron transport in mesoscopic TiO2 electrode immersed in high ionic 
strength electrolyte approximately resembles the intrinsic diffusion of electron in 
nanocrystalline TiO2 as a result of ambipolar diffusion and the effective screening of 
counter charge in the electrolyte.[39] For SDSCs, electron transport in TiO2 may be 
associated with the positive charges in P3HT, especially additives such as Li+ close to 
it.[40]
The effective diffusion length L
 Charge screening is believed to be less effective in this case as compared to that 
with the liquid electrolyte, which further complicates the charge transport process.  
n
    





                                                  (2)                                                             
Ln is much longer than the film thickness L (~ 1 μm) within the whole voltage 
range (Figure 6.8b). In liquid electrolyte based dye sensitized solar cells, Ln generally 
increases with external bias as a result of nonlinear recombination.[41] SDSCs have also 
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been found to show a similar trend when measured in dark.[36] However, the 
dependence of Ln under illumination shows different features. The value of Ln is 
surprisingly large (> 15 μm) at low light illumination, while it drops steeply down to < 
5 μm as the photon flux approaches 1 sun illumination. Since the TiO2 film thickness 
under this study is only 1 μm, efficient charge collection is anticipated. A similar 
phenomenon was observed by Fabregat-Santiago[36] and Snaith[42] in spiro-OMeTAD 
based devices. Apart from conduction band unpinning, another plausible reason could 
be the accumulation of holes in P3HT close to the sensitizer at high injection condition, 
which accelerates charge recombination at TiO2-D131/P3HT interface and leads to a 
drop of Ln
Table 6.2 Device fabrication cost comparison between spiro-OMeTAD and P3HT. 
.  
 spiro-OMeTAD P3HT 
Price USD 380 g-1 USD 228 g  -1
Solution concentration 
  
180 mg mL 15 mg mL−1  
Solution amount/device  
−1  
0.07 mL  0.07 mL  
HTM amount/device  12.6 mg 1.05 mg 
HTM cost/device USD 4.788 USD 0.239 
Finally, the fabrication cost for spiro-OMeTAD and P3HT-based device is 
compared and the result in shown in Table 6.2. It is obviously that P3HT has a much 
cheaper fabrication cost than spiro-OMeTAD, which makes P3HT a suitable HTM for 
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the large scale application of SDSCs. 
6.4 Conclusions 
In summary, organic indoline dye D131 is selected as a model sensitizer to 
fabricate solid-state dye-sensitized solar cells. Energy conversion efficiency up to 
3.85% is achieved under AM1.5G 100 mW cm-2 illumination through optimization of 
device fabrication such as the quality control of compact TiO2 blocking layer and the 
film thickness of mesoporous TiO2 layer. Incident photon-to-electron conversion 
efficiency, UV-Vis absorption and transmittance study indicate that P3HT functions 
almost only as the HTM and has little contribution to the photocurrent. Based on 
devices with high efficiency and good stability, charge transport and recombination 
kinetics are studied by impedance spectroscopy. The charge collection is found to be 
efficient as the effective diffusion length is larger than the thickness of TiO2 film. 
However, the relatively large hole transport impedance in P3HT as compared to 
electron transport impedance in TiO2 results in relatively poor fill factor, which limits 
the energy conversion efficiency. Further enhancement of device performance is 
foreseen by improving the hole conductivity of P3HT via chemical modification or 
physical doping, provided that its penetration into mesoporous TiO2
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 NANOFIBERS WITH HIGH 
SURFACE AREA FOR SOLID-STATE DYE-SENSITIZED SOLAR 
CELLS 
Solid-state dye-sensitized solar cells (SDSCs) which incorporate nanocrystalline 
TiO2 films and organic hole transport materials (HTM) have aroused great scientific 
interests because they intrinsically avoid the leakage problem of conventional 
liquid-electrolyte dye-sensitized solar cells (LDSCs).[1] In addition, SDSCs combine 
the advantages of inorganic semiconductors such as mechanical and chemical stability 
with the unique properties of organic HTM such as easy film formation and adjustable 
functionality by molecular design.[2]
spiro-bifluorene(spiro-OMeT-AD) as the HTM.
 Over the past decade, significant progress has 
been made for SDSCs and the highest efficiency over 6% is achieved based on devices 
with organic small molecule 2,2’,7,7’-tetrakis-(N,N-di-4-methoxyphenylamino)-9,9’- 
Despite of the potential advantages of SDSCs, their device efficiencies are still far 
behind the “champion cell” utilizing liquid electrolyte.
[3] 
[4] One major factor is 
insufficient light harvesting caused by limited TiO2 film thickness.[3,5] To increase light 
absorption of thin TiO2 films, several strategies have proven to be effective. One is to 
increase the molar extinction coefficient of dye molecules. In this context, organic dyes 
are more attractive than ruthenium dyes due to their high extinction coefficient, tunable 
energy levels and low cost. Several organic dye-based SDSCs have shown improved 
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performance as compared to those based on ruthenium dyes.[6-8] Another strategy is to 
improve dye loading by increasing the surface area of thin TiO2 films. One example is 
to replace TiO2 films composed of randomly oriented nanoparticles with organized 
mesoporous TiO2 structures.[9] In addition, light absorption in devices could be further 
enhanced by increasing reflectivity of the counter electrodes.[10] Another important 
factor that restricts SDSC performance is the slow charge transport in randomly 
oriented TiO2 nanoparticle film, which limits charge collection efficiency.[11] 
Consequently, many studies focused on replacing TiO2 nanoparticle film with 
one-dimensional (1-D) nanostructures, such as TiO2 nanowires, nanorods and 
nanotubes to provide a direct conduction pathway for rapid collection of 
photoelectrons.[12-14] Such a strategy has been proven successful for LDSCs, but is 
rarely applied for SDSCs based on TiO2 photoelectrode and organic HTM. This could 
be due to the small surface area of 1-D nanostructured photoelectrodes that further 
limits light harvesting in thin TiO2 films for SDSCs. Traditional methods to increase 
the surface area of 1-D nanostructured photoelectrodes of LDSCs, e.g., by mixing TiO2 
nanowires or nanorods with TiO2 nanoparticles,[15,16] are not suitable for SDSCs 
because the introduction of TiO2 nanoparticles will decrease the film porosity, which 
affects the pore filling of TiO2 film with organic HTM. As a consequence, to increase 
the surface area of 1-D nanostructured TiO2 film without compromising the 
penetration of organic HTM is the bottleneck for further improving device 
performance. Up to date, great efforts toward improving the penetration of organic 
HTM have been made by Grimes,[17,18] Darling[19] and McGehee’s groups.[20] Recently, 
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a significant progress was reported by Grimes and coworkers, who developed a highly 
efficient heterojunction solar cell based on TiO2 nanotube arrays modified with 
organic dye and poly(3-hexylthiophene) (P3HT) as HTM.
Combining the cost-effective photoelectrode preparation technique (chapter 3 and 
chapter 4) with the advantages of organic dye as sensitizer (chapter 5) and P3HT as 
hole transporting material (chapter 6), in this chapter, we report the fabrication of 
SDSCs based on mesoporous TiO
[21] 
2 nanofiber (mesoporous NF) photoelectrodes and 
P3HT as HTM. The motivation for such design is based on the following 
considerations. Firstly, mesoporous TiO2 nanofibers provide a large surface area for 
dye adsorption which could improve light harvesting in thin TiO2 films. Secondly, 
numerous literatures have proven that 1 D nanostructure could facilitate charge 
collection in TiO2 photoelectrodes.[12-14] Thirdly, the micron-size pores formed 
between TiO2 nanofibers could be beneficial for the penetration of organic HTM. For 
comparison, TiO2
7.2 Experimental section 
 nanofibers with smooth surfaces (regular NFs) are also used for 
SDSCs. The device efficiency of SDSCs based on mesoporous NFs was greatly 
improved as compared to that based on regular NFs. 
Preparation of mesoporous and regular NFs by electrospinning  
The precursor gel for electrospinning of mesoporous NFs was prepared by slow 
addition of 1.0 mL of acetic acid into 1.0 mL of titanium ethoxide (Ti(OEt)4, Aldrich) 
under vigorous stirring. Separately, 0.5 g block copolymer F127 
(H(C2H5O)106(C3H7O)70(C2H5O)106OH, BASF) dissolved in 2.5 mL of 1-butanol 
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(Aldrich) was added into the acetic acid/Ti(OEt)4 solution. This final mixture was aged 
at ambient temperature for 3 h to give a spinnable sol [9]. For comparison, regular NFs 
were electrospun from the precursor gel consisting of 0.45 g poly(ethylene oxide) 
(PEO, Mw = 900 000, Sigma-Aldrich), 3.8 mL of titanium isopropoxide (Ti(OiPr)4, 
Sigma-Aldrich), 0.8 mL of acetic acid and 100 mL of ethanol. The precursor gel was 
then loaded into a plastic syringe and connected to a high-voltage power supply. The 
flow rate was 1.0 mL h−1 and the electric field strength was 0.8  kV cm-1
Fabrication of SDSCs based on mesoporous and regular NF photoelectrodes 
. The as-spun 
nanofibers were calcined at 400 °C for 1 h to remove organic components.  
In a standard fabrication process, the FTO glass (15 Ω/square, Asahi) was etched 
with Zn powder and HCl (4 M) to form the desired electrode pattern. The patterned 
substrates were ultrasonically cleaned with detergent, deionized water, acetone, and 
2-propanol. A compact TiO2 (c-TiO2) film was then deposited onto FTO substrate by 
aerosol spray pyrolysis [43]. The paste used for device fabrication was made by 
mechanical grinding 0.1 g of mesoporous or regular NFs with 0.3 g of α-terpineol 
(98%, Acros) and 0.05 g of ethyl cellulose (Aldrich), which was then diluted with 
2-methoxyethanol (1:1/ v:v). The NF paste was then spin-coated on the top of c-TiO2 
film to give a nanofibrous TiO2 (nf-TiO2) film. The thickness of the nf-TiO2 film was 
controlled to be ~ 1.8 μm, by adjusting the spin-coating speed. Samples were then 
sintered at 450 °C for 30 min. After cooling, the films were soaked in TiCl4 aqueous 
solution (20 mM) for 30 min at 70 °C. After rinsing with deionized water and ethanol, 
the films were sintered again at 450 °C for 15 min and sensitized with indoline dye 
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D131 (0.3 mM in ethanol) for 12 hours at room temperature in the dark. The films 
were rinsed in ethanol and dried in N2 flow. After that, the films were immersed into 
an acetonitrile solution containing Li(CF3SO2)2N (Aldrich, 3 mg mL-1) and 
4-tert-butylpyridine (tBP, 60 mg mL-1, Aldrich) for 2 min, and dried in air flow. 
Poly(3-hexylthiophene) (P3HT) (Rieke Met. Inc.) in chlorobenzene (15 mg mL-1) was 
then spin-coated onto the dye anchored TiO2 films. The films were then transferred 
into the high vacuum chamber (3×10-4 Pa). Ag (80 nm in thickness) were subsequently 
deposited onto the P3HT layer as the back electrode. The device area (0.10 cm2
Characterization  
) was 
controlled by a metal mask.  
Without sputtering gold, morphologies of mesoporous and regular NFs (as-spun 
and calcined) were characterized by a scanning electron microscope (SEM; Quanta 
200 FEG System: FEI Company, USA) operated at 15 kV. The calcined TiO2 
nanofibers were further examined by transmission electron microscopy (TEM; JEM 
2010F, JEOL, Japan) and selected area electron diffraction (SAED) operated at 200 kV 
with a drop of TiO2 nanofiber suspension in methanol mounted onto a carbon-coated 
200 mesh Cu grid. The crystal structure of TiO2 nanofibers was investigated by an 
X-ray diffraction technique (XRD-6000, Shimadzu, Japan) using Ni-filtered Cu Kα 
line (λ = 0.15418 nm) at a scanning rate of 2° min-1 in 2θ ranging from 20° to 80°. The 
porous properties of the nf-TiO2 films were characterized using N2 adsorption at 
–196 °C on a Multi-Station High Speed Gas Sorption Analyzer (Quantachrome, NOVA 
3000). The samples (100 mg) were obtained by scratching the calcined nf-TiO2 films 
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from the FTO substrates. Prior to adsorption, the samples were degassed at 200 °C 
overnight. The Brunauer–Emmett–Teller (BET) method was used to determine the 
specific surface area of the samples in the relative pressure range (P/P0) of 0.05–0.35. 
The desorption data of the N2 isotherm were analyzed by Barrett-Joyner-Halenda (BJH) 
method to give the total pore volume, pore size, and size distribution. Photocurrent 
measurements of the SDSCs were conducted under irradiation of a 100 mW cm−2 
xenon lamp (Thermo Oriel Xenon Lamp 150W: Model 66902) with AM1.5G condition. 
The intensity of incident light was calibrated using a reference cell (OptoPolymer, ISE 
CalLab) before each experiment. Photocurrent density–voltage curves of SDSCs were 
recorded by the electrochemical workstation (PGSTAT30, Autolab). Incident 
photon-to-electron conversion efficiency (IPCE) was measured using a 300 W xenon 
light source (MAX-310, Asahi Spectra) and a monochromator (TMS300, Bentham). 
All the measurements were performed in air.  The dye loading was determined by 
desorbing the dye in 0.36 M NaOH in methanol and measuring the UV-Vis absorption 
spectrum at 425 nm [44]. Intensity modulated photocurrent spectroscopy (IMPS) and 
intensity modulated photovoltage spectroscopy (IMVS) measurements were conducted 
using autolab electrochemical workstation equipped with a frequency response 
analyzer to drive a high-intensity blue LED (λ = 470 nm) [44]. The analysis of the 
photocurrent or photovoltage response of the cells was conducted in the frequency 
range of 104-1 Hz. The LED supplied the ac (modulation depth 10%) and dc 
components of the illumination. The light intensity was adjusted to be 12 mW cm−2 by 
neutral density filters (Schott NG) and measured by a calibrated silicon photodiode. 
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7.3 Results and discussion 
The mesoporous NFs were prepared by electrospinning technique using Ti(OEt)4 
as the inorganic precursor and amphiphilic triblock copolymer F127 as the structure 
directing agent. The formation of mesopores on nanofiber surface is due to solvent 
evaporation-induced self-assembly of inorganic precursor.[22] Briefly, the initial 
concentration of F127 (c0) in the inorganic precursor solution is lower than its critical 
micelle concentration (CMC). During electrospinning, the progressive evaporation of 
1-butanol concentrates the surfactant to a concentration that is higher than its CMC, 
which drives the self-assembly of inorganic precursor and surfactant micelle to form 
mesophases.[22] The morphologies of electrospun mesoporous and regular NFs before 
and after calcination were characterized by scanning electron microscope (SEM) and 
the results are shown in Figure 7.1. Before calcination, the as-spun nanofibers (Figures 
7.1a and 1c) are quite continuous and each nanofiber keeps the cross-section 
uniformity throughout the length direction, indicating good control of the 
electrospinning conditions. As shown in the insets of Figures 7.1a and 6.1c, the 
average diameters of as-spun mesoporous and regular NFs are 205±20 nm and 220±
30 nm, respectively. After calcination at 450 °C in air for 1 h, the mesopores with an 
average pore size of 6±0.5 nm are clearly observed on the mesoporous NF surfaces 
(Figure 7.1b). In addition, each individual nanofiber has an average diameter of 96±
14 nm with cross-sectional uniformity. By contrast, the regular NFs have smooth 
surfaces (Figure 7.1d) with an average diameter of 104±15 nm. As compared to the 
as-spun nanofibers, the diameters of calcined nanofibers decreased obviously. Such 
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phenomenon is universal in preparing electrospun TiO2 nanofibers and has been 
observed by several research groups.[23-27] The reduction of TiO2 nanofiber diameter 
after calcination is due to the loss of polymer binder (F127 or PEO) from the as-spun 
nanofibers and the crystallization of TiO2.[23-25] 
 
Figure 7.1 SEM images of mesoporous NFs (as-spun (a) and calcined (b)) and 
regular NFs (as-spun (c) and calcined (d)). Insets of Figures (a) and (c) show the 
enlarged SEM images of as-spun NFs.  
The morphologies of mesoporous and regular NFs after calcination were further 
studied by transmission electron microscopy (TEM). Figure 7.2a shows the TEM 
image of a single mesoporous NF. The nanofiber is composed of uniformly dispersed 
but loosely compacted TiO2 grains with an average grain size of 9.3±1.9 nm. Voids 
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exist between adjacent grains to form worm-like patterns on the nanofiber surface, 
which indicate that the mesoporous NF exhibits less ordered 3D mesostructures.[28] For 
regular NF, the TiO2 grains (18.3±3.4 nm) are closely packed without obvious voids 
(Figure 7.2c), which correlate well with the SEM image.  Figures 7.2b and 7.2d show 
the corresponding selected area electron diffraction (SAED) patterns of calcined 
mesoporous and regular NFs, respectively. All the polycrystalline diffraction rings are 
indexed to the anatase phase of TiO2, and there is no secondary phase or impurities 
detected.  
 
Figure 7.2 TEM images of calcined mesoporous (a) and regular (c) NFs. The 
corresponding SAED patterns are shown in (b) and (d) for mesoporous and regular 
NFs, respectively. 
The crystal structures of calcined mesoporous and regular NFs were investigated 
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by X-ray diffraction (XRD) analysis (Figure 7.3a). All the peaks are indexed to the 
anatase phase of TiO2, which correlate well with the results from SAED analysis. 
From the Scherrer equation [29] and the anatase (101) peak at 2θ = 25.3°, the grain size 
of TiO2 is calculated to be 8.6 and 17.5 nm for mesoporous and regular NFs, 
respectively. These results are in agreement with those shown in Figures 7.2a and 7.2c. 
 
Figure 7.3 (a) XRD patterns of mesoporous and regular NFs (b) N2
Figure 7.3b shows the N
 
adsorption-desorption isotherm and the pore size distribution (inset) of mesoporous 
and regular NF films.  
2 adsorption-desorption isotherms of the mesoporous and 
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regular NF films, which were prepared by spin-coating the corresponding NF paste on 
FTO substrate followed by calcination at 450 °C for 30 min. A type-IV isotherm with a 
large hysteresis loop between the H1- and H2-types is obtained for mesoporous NF 
film, indicating the presence of well-defined mesopores on nanofiber surfaces.[30-32] 
However, a type II-like isotherm is obtained for the regular NF film, which 
demonstrates that no typical mesopores exist on the nanofiber surface. The pore size 
distribution was calculated based on BJH (Barrett-Joyner-Halenda) method and the 
desorption branch of the isotherm. A narrow pore-size distribution is observed for 
mesoporous NFs with an average pore size of 6.4 nm, which is in accordance with the 
size observed by SEM. By contrast, regular NFs show multi-modal pore-size 
distribution. From BET analysis, the surface area of the mesoporous NF film is 112 m2 
g-1, which is ~ 2 times higher than that of the regular NF film (40 m2 g-1). The total 
pore volumes for the mesoporous and regular NF films are 0.272 cm3 g-1 and 0.0649 
cm3 g-1, respectively. In addition, the porosity (P)[33] values of the regular and 
mesoporous NF films are calculated to be 20.2% and 51.4%, respectively. These 
results demonstrate that the mesoporous nanostructure increases the surface area and 
improves the porosity of 1 D nanostructured TiO2 
To evaluate the potential of mesoporous NFs as photoelectrode, SDSCs were 
fabricated by spin-coating a P3HT layer on the top of a D131 anchored TiO
film significantly as compared to 
that for the regular NF film.  
2 NF layer. 
The device configuration is shown in Figure 7.4a, and the chemical structure of D131 
is shown in Figure 7.4b. The devices based on regular NF photoelectrode were 
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fabricated under the same conditions. Detailed device fabrication procedures are 
described in the experimental section. The TiO2 film thickness was kept at 1.8 μm and 
the active cell area was 0.10 cm2. 
 
Figure 7.4 (a) The configuration of a typical device employing mesoporous TiO2
Figure 7.4c displays the energy band diagram for each component in the device. 
The detailed determination of the energy levels for D131 and P3HT has been shown in 
 
nanofibers as the photoelectrode, D131 as the sensitizer and P3HT as the hole 
transporting material. (b) The chemical structure of D131. (c) Energy band diagram of 
each component in the device. 
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the chapter 6 (Figure 6.2 and Figure 6.3). The lowest unoccupied molecular orbital 
(LUMO) level of D131 (–2.90 eV) is well above the conduction band edge of TiO2 (~ 
–4.00 eV vs vacuum level).[34] Therefore, electron injection from the LUMO of D131 
into the conduction band of TiO2 is energetically feasible. Meanwhile, the highest 
occupied molecular orbital (HOMO) of D131 (–5.24 eV) is lower than that of P3HT 
(–5.10 eV), ensuring the hole conduction from D131 to P3HT. However, the electron 
transfer pathway from the LUMO of P3HT to the conduction band of TiO2 should be 
blocked by D131, as the LUMO level of D131 is ~ 0.30 eV higher than that of P3HT 
(–3.18 eV). This energy band diagram indicates that the function of P3HT in the 
present SDSC is largely HTM, even though it can absorb a fraction of incident light 
that passes through the D131 sensitized TiO2
Figure 7.5a shows the typical photocurrent density-voltage curves obtained under 
irradiation of 100 mW cm
 film. 
−2. All data are repeated in three independent devices. For 
devices based on regular NFs, a short circuit photocurrent density (Jsc) of 0.973 mA 
cm-2, an open circuit photovoltage (Voc) of 0.857 V and a fill factor (FF) of 0.50 were 
achieved, resulting in an energy conversion efficiency (η) of 0.42%. The device 
performance was greatly improved for mesoporous NFs-based devices, which gave Jsc 
of 3.979 mA cm-2, Voc of 0.915 V, FF of 0.50 and η of 1.82%. The improved energy 
conversion efficiency is thus mainly attributed to ~ 3-fold increase in Jsc as compared 
to that for regular NF based devices. To understand the difference in Jsc, 
dye-desorption experiment was first performed.  As shown in the last column of the 
inset of Figure 7.5a, the dye loading for mesoporous NF film is 8.25 × 10-8 mol cm-2, 
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which is ~ 3.3-fold more relative to that for regular NF film (1.93× 10-8 mol cm-2). 
 
Figure 7.5 Typical photocurrent density-voltage curves (a) and IPCE spectra (b) 
of SDSCs based on mesoporous and regular NF photoelectrodes. 
The improved Jsc value for mesoporous NFs-based devices is further verified by 
the incident photon-to-electron conversion efficiency (IPCE) spectra, as shown in 
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Figure 7.5b. The maximum IPCE values obtained at 410 nm are 61% and 19% for the 
mesoporous and regular NF-based devices, respectively, suggesting that light 
harvesting is significantly improved for mesoporous NF-based devices as compared to 
that for regular NFs.  
 
Figure 7.6 IMPS (a) and IMVS (b) of SDSCs based on mesoporous and regular 
NF photoelectrodes. 
To obtain deep insights into the effect of different NF structures on device 
performance, intensity modulated photocurrent spectroscopy (IMPS) and intensity 
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modulated photovoltage spectroscopy (IMVS) have also been employed to investigate 
the charge transport and recombination characteristics in mesoporous and regular 
NF-based devices. In these measurements, frequency-dependent photocurrent or 
photovoltage responses of a typical device to modulated incident light were recorded. 
From the IMPS measurements (Figure 7.6a), the transport time (τd) of injected 
electrons through TiO2 film can be calculated from the equation τd = 1/(2πfd, min),[35] 
where fd, min is the characteristic frequency at the minimum of the IMPS imaginary 
component. Thus, τd values are estimated to be 1.05 and 0.88 ms in mesoporous and 
regular NF films, respectively. In addition, from the equation Dn = d2/(2.35τd),[36] 
where d is the thickness of the photoelectrode (~ 1.8 μm), the electron diffusion 
coefficients (Dn) in mesoporous and regular NF films are calculated to be 1.31 × 10-5 
and 1.57× 10-5 cm2 s-1, respectively. Although the mesoporous NF film has a much 
higher pore volume (0.272 cm3 g-1) as compared to that for regular NF film (0.0649 
cm3 g-1), which could result in a more tortuous propagation of electrons and a more 
frequent electron trapping and detraping events in TiO2 layer,[37,38] the only slightly 
smaller Dn for mesoporous NF films indicates that the retardation of electron 
transportation caused by mesopores is not very serious in this case. This could be 
probably due to the TiCl4 post-treatment step in device fabrication, which partially fills 
the pores in mesoporous NFs and to some extent offsets the original difference in NF 
structures. A similar phenomenon has also been observed by Kim et. al.
From the IMVS measurements (Figure 7.6b), the recombination lifetime (τ
[39] 
n) was 
calculated using the equation τn = 1/(2πfn, min),[35] where fn, min is the characteristic 
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frequency at the minimum of the IMVS imaginary component. Thus, τn values are 
estimated to be 6.20 and 4.60 ms for mesoporous and regular NF films, respectively. In 
general, the longer lifetime indicates a slower recombination rate between 
photoelectrons in the conduction band of TiO2 and the hole conductor P3HT. This 
result is consistent with the improved Voc for mesoporous NF-based device (0.915 V) 
as compared to that for regular NF-based device (0.857 V).[14] Furthermore, the charge 
collection efficiency, ηcc, described by the equation ηcc = 1 – τd/τn,[40] is calculated to 
be 83.0% and 80.8% for mesoporous and regular NF films, respectively. Considering 
the obtained dye-desorption and IPCE results, the similar charge collection efficiency 
for mesoporous and regular NF films further confirms that the significant difference in 
device photocurrent is mainly due to different dye adsorption in these two TiO2
To evaluate the long-term device stability, a typical device stored in a glove-box 
for ~6 months was retested, which gave J
 NF 
films. 
sc of 3.887 mA cm-2, Voc of 0.918 V, FF of 
0.48 and η of 1.73%. As compared to the typical performance of a freshly prepared cell 
(Figure 5a), the aged cell sustained ~ 94% of its initial device efficiency, 
demonstrating good stability of the fabricated devices. Future aging test should be 
performed under more stringent conditions (AM 1.5G full sunlight soaking for 1000 h 
at 60 °C), which needs special sealing technique for SDSCs as the exposure of P3HT 
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In summary, we prepared two types of TiO2 nanofibers in pure anatase phase by 
electrospinning technique. One is regular NFs with smooth surfaces, and the other is 
mesoporous NFs with uniform pore size distribution. A high BET surface area of 112 
m2 g-1 was obtained for mesoporous NF films due to the existence of mesopores on the 
nanofiber surface. Solid-state dye-sensitized solar cells were fabricated based on these 
nanofibers using organic indoline dye D131 as the sensitizer and P3HT as the hole 
transporting material. As compared to the low Jsc (0.973 mA cm-2) and η (0.42%) for 
regular NF-based devices, a three-fold increase in Jsc (3.979 mA cm-2) was obtained 
for mesoporous NF-based devices, yielding an energy conversion efficiency of 1.82%. 
The increase in Jsc was mainly attributed to the greatly improved dye adsorption for 
mesoporous NFs. In addition, IMPS and IMVS analysis reveals that the mesopores on 
NF surfaces have very minor effects on charge transport and collection relative to that 
for regular NFs. The initial aging test proved good stability of the devices. Considering 
the simple and cost-effective features of electrospinning technique, the mesoporous 
TiO2 
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CHAPTER 8 
CONCLUSIONS AND OUTLOOK 
8.1 Conclusions 
This thesis is focused on the development of new materials and new fabrication 
methods to enhance energy conversion efficiency of dye sensitized solar cells (DSSCs). 
The major findings include the follows: 
(1) Electrospinning technique has been successfully applied to prepare regular 
nanofibrous ZnO and TiO2 photoelectrodes as well as mesoporous TiO2 
photoelectrodes. For the devices based on nanofibrous ZnO photoelectrodes, an energy 
conversion efficiency (η) of 3.02% has been achieved under 100 mW cm−2 AM 1.5G 
illumination, which is greatly improved as compared to the previous reports adopting 
photoelectrodes with a similar structure. For the devices based on regular TiO2 
nanofibrous photoelectrodes, an η of 6.44% has been achieved, which represents one 
of the most efficient DSSCs using TiO2 nanofibers or nanorods as the photoelectrode. 
Meanwhile, for the devices based on mesoporous TiO2 nanofibrous photoelectrodes, 
an η of 1.82% has been obtained in solid-state dye-sensitized solar cells, which is 
3-fold higher than that for regular TiO2 
(2) A novel orgainc sensitizer based on conjugated polymer with unique D-π-A structure 
has been designed and synthesized. An η of 3.39% was obtained under 100 mW 
cm
nanofibers-based devices fabricated under the 
same conditions (η = 0.42%). These results demonstrate that electrospinning technique 
is a powerful tool for the fabrication of photoelectrodes in DSSCs.  
−2 AM 1.5G illumination, which represents the highest efficiency for polymer dye 
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sensitized DSSCs reported so far. These features show good promise of conjugated 
polymers as sensitizers for DSSC application. 
(3) Efficient solid-state dye-sensitized solar cells (SDSCs) have been successfully 
fabricated by using organic dye as sensitizer and poly(3-hexylthiophene) (P3HT) as 
hole transporting material. Through optimization of device fabrication, an η up to 
3.85% was achieved under 100 mW cm-2 
(4) Charge transport and recombination in SDSCs using conjugated polymer as the 
hole transporting material were systematically studied for the first time based on 
TiO
AM1.5G illumination, which is one of the 
most efficient SDSCs using polymeric hole transporting material. These results show 
good promise of conjugated polymers as efficient hole transporting material for low-cost 
SDSC application. 
2-D131/P3HT model system. The limiting factor for energy conversion efficiency 
was found to be the relatively large hole transport impedance in P3HT as compared to 
electron transport impedance in TiO2
8.2 Outlook 
. This study sheds light on understanding the 
operation of highly efficient solid-state devices and provides basis for further 
improving device performance. 
(1) As the large hole transport impedance of P3HT is the major limiting factor for the 
energy conversion efficiency of P3HT-based SDSCs (chapter 6), further enhancement 
of device performance could be achieved by improving the hole conductivity of P3HT 
via chemical modification or physical doping, provided that its penetration into 
mesoporous TiO2 films is not affected. 
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(2) To improve the performance of ZnO-based DSSCs (chapter 4), future work should 
be focused on designing new dye sensitizers that are suitable for ZnO photoelectrode. 
This is due to the poor chemical stability of ZnO in acidic dye solution and the 
formation of Zn2+
(3) To further improve the performance of mesoporous TiO
/dye complexes which could block the injection of electrons from the 
dye molecules to the semiconducting electrodes. 
2 NF-based device (chapter 
7), future work should be focused on reducing the diameter of present electrospun 
mesoporous TiO2 NFs by fine-tune the composition of electrospinning gel and 
experimental conditions, which could further increase the surface area of mesoporous 
TiO2 
 
NFs and improve dye loading amount. 
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